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Chapter 1 INTRODUCTION 
1.1. History of Chromatography and HPLC 
The Russian botanist Mikhail Tswett is credited with the invention of chromatography, at 
the turn of the twentieth century. This arose through the attempt to separate plant pigments 
such as chlorophylls and xanthophylls, by eluting solutions of them through a glass column 
packed with calcium carbonate. When the species were separated, they appeared as 
coloured bands on the column. The term chromatography is derived from the Greek terms 
chroma, meaning colour and graphein, meaning to write. 
 
Chromatographic separations are based on the different extent to which each analyte is 
partitioned or distributed between the stationary phase and the mobile phase. The partition 
coefficient is defined as  






=
m
S
C
CK  
Equation 1-1 Partition (distribution) coefficient between stationary and mobile phase 
concentration 
where CS is the concentration of the analyte in the stationary phase and CM is the 
concentration of the analyte in the mobile phase.  
 
Chapter 1: Introduction 
 2 
The time taken for a particular analyte to travel through the length of the column is known 
as the retention time, tR. This time also incorporates the time taken for an analyte to travel 
from the injector to the detector in instrumental systems such as HPLC and GC. Liquid 
chomatography is a separation process that historically employs a pressurised liquid mobile 
phase (most commonly acetonitrile or methanol for a reversed-phase system) and a 
stationary phase of finely divided particles. More recently, monolithic phases have been 
successfully used as the supporting phase. However, other common liquids that can be used 
in the mobile phase are tetrahydrofuran (THF), hexane, propanol and various buffer 
additives. The term High-Performance Liquid Chromatography (HPLC) was introduced in 
the 1960s when packing particle diameters were produced with standard diameters of 4.6 
µm, facilitating the use of elevated pressure to generate an adequate flow through the 
column. HPLC can be subdivided into methods such as: 
• Partition (liquid-liquid) chromatography 
• Adsorption (liquid-solid) chromatography 
• Ion-Exchange chromatography 
• Gel-Permeation (size-exclusion) chromatography or Gel-Filtration (size-exclusion) 
chromatography 
 
There are two types of partition chromatography that are used commonly, depending on the 
polarities of the mobile and stationary phases. Normal phase HPLC uses a polar stationary 
phase (eg: tri ethylene glycol, cyano and amine) and a non polar mobile phase, such as 
hexane. Reversed-phase is the more commonly used technique where the stationary phase 
Chapter 1: Introduction 
 3 
is non-polar (eg: hydrocarbon chain such as C8 or C18) and the mobile phase is an organic 
and aqueous mixture of two polar solvents such as acetonitrile (ACN) or methanol (MeOH) 
and water.  
 
 
1.2. History of micro HPLC 
The concept of micro high-performance liquid chromatography (µ−HPLC) dates back to 
1956 while when addressing the Symposium on Vapour Phase Chromatography, A.J.P. 
Martin (Martin 1957) predicted, with amazing insight that “…we should be able to work 
from the milligram down to the microgram scale. Of course, that will imply that we 
decrease the diameter of our columns correspondingly. We shall have columns only two 
lengths of a millimetre in diameter, and these will carry, I believe, advantages of their 
own…” 
 
Micro HPLC offers a number of advantages over the conventional scale HPLC experiment 
which employs columns of 4.6 mm i.d. These advantages include the technique providing 
increased efficiency and the use of less volume of mobile phases. This can facilitate the use 
of more expensive, toxic or flammable solvents in lower volumes which today we may 
interpret as providing a “greener” chromatography technique. Due to the low flow rates that 
are used, typically less than 10 µL/min, coupling the technique to the highly sensitive 
electrospray ionization mass spectrometry (ESI) (see Section 1.12) is a simple process. 
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Micro HPLC became more commonly used in the 1970s although its development is traced 
back to 1967 when Horvath et al (Horvath, Preiss et al. 1967) used steel columns of inner 
diameter 0.5-1 mm, for the separation of ribonucleotides. In the mid-1970s, Daido Ishii 
(Ishii, Asai et al. 1977) demonstrated the use of slurry-packed teflon microcolumns in a 
series of publications. By the early 1980s, microcolumns with even smaller inner diameters 
were introduced. As well as Daido Ishii, other key chromatographers that made advanced 
progress with the development of micro HPLC are Milos Novotny (Novotny 1980) (Hirata 
and Novotny 1979), Novotny (Novotny 1980) described three different approaches to 
higher efficiencies in HPLC:  
• Long microbore packed columns (1 mm i.d.) 
• Thick-walled open microtubular columns (< 60 µm i.d.) 
• Packed microcapillaries (< 70 µm i.d.) 
 
 
1.3. Temperature as a Variable in HPLC 
Temperature has, until recently, been a neglected variable in HPLC. Historically, the main 
ways of controlling and/or affecting retention in HPLC have been by column selection, 
manipulating the mobile phase composition (eluent strength) and flow rate. The limited 
range of stationary phases available in HPLC means that phase selection is a less significant 
choice in HPLC, compared to the large number of phases available for gas chromatography 
(GC). Eluent strength and flow can be altered to vary retention and selectivity combined 
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with gradient elution to provide a shorter analysis time for later eluting compounds. 
Gradient elution is a method whereby the mobile phase composition is altered in an either 
concave, convex, stepwise or in a linear fashion to elute the component mixture in a 
reasonable time, invariably with an increase in elution strength as the gradient progresses. 
Most HPLC separations therefore have been carried out at room temperature or at a slightly 
elevated isothermal temperature due to limitations in column programmed-heating 
facilities. Temperature is a much more widely employed experimental variable in GC and 
supercritical fluid chromatography (SFC) compared to HPLC. As well as the lack of 
column heating facilities, liquid chromatography users traditionally avoided high 
temperature as a parameter in HPLC due to the fear of sample decomposition in the 
column, degradation of the stationary phase, the possibility of on-column reactions and the 
flammability of organic solvents. Performing conventional scale HPLC at high 
temperatures can be achieved, however transverse column thermal equilibration times when 
altering the temperature maybe very long due to the large inner diameter of the column in a 
conventional system, causing a large magnitude of axial thermal equilibration to be 
required. Thus, experimental operations such as temperature programming have almost 
never been used in conventional HPLC. 
 
With the advent of micro HPLC, temperature as a tuneable parameter has been gaining a 
greater relevance in HPLC due to the narrow inner diameter of micro columns and the more 
rapid thermal equilibration time across the column bed. High temperature liquid 
chromatography has been reviewed thoroughly by Greibrokk (Greibrokk and Anderson 
2003). 
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1.4. Column Heating 
Heating up a column occurs in several stages:  
• transfer of oven heat from bulk heated air to the outside wall of the column, specifically 
to the boundary air layer which surrounds the column 
• conduction through the column wall,  
• finally, the heating of the column packing.  
This process would be much harder to achieve with a conventional HPLC column with 
respect to the standard 4.6 mm inner diameter. As well as the narrow inner diameter of 
micro columns, a range of novel stationary phases have been developed in more recent 
times that are capable of withstanding super ambient temperatures above 100 °C. Specialist 
stationary phases including polybutadiene zirconia (see Section 1.8.1), affinity 
chromatography based on interactions with chiral selectors, complexing agents, proteins 
and macrocyclics have been explored recently and their separation mechanisms show a 
larger influence of temperature on retention than that of traditional reversed-phase liquid 
chromatography (Li and Carr 1997).  
 
Controlling and monitoring the temperature within the column has also become easier to 
manage. For most HPLC systems, the temperature within the column is usually equal to or 
very close to the programmed temperature from the heating device, provided an adequate 
thermal equilibration time has been allowed. The extent of heating depends on the speed of 
thermal equilibration, the thermal conductivity of the mobile and stationary phases, thermal 
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conductivity of wall materials and dispersion processes. Heating across the column bed is 
not an instantaneous process. Dolan (Dolan 2002) suggested the most accurate prediction of 
the temperature inside of the column can be found by using a flow-through thermocouple to 
measure the temperature of the mobile phase entering the column and also the temperature 
of the mobile phase on the exit of the column. The average of these two temperature 
readings will give an accurate prediction of the temperature within the column. The 
temperature gradient across the column can be expressed by the following equation: 
CW TTT −=∆
 
Equation 1-2 Temperature gradient across the column 
where TW is the temperature at the inner wall of the column and TC is the temperature at the 
centre of the column. TO has been introduced as the temperature of the oven. If the 
distribution coefficient at the column wall (KW) is significantly larger than the distribution 
coefficient at the centre of the column (KC), peak broadening will occur. 
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∆T
air boundary layer
column wall
column packing
TC
TW
TW
KW
KC
KW
TO
 
Figure 1-1 Schematic Diagram of the heating process of a HPLC column 
Broadening may also arise due to the effect of temperature upon K values. If the K value 
rises significantly with temperature, then K at the column walls and K at the centre of the 
column will be different. The retention time will also differ.  
 
Conventional HPLC column diameters have a very high heat capacity and rapid changes in 
temperature across the diameter of the column cause a large radial temperature difference. 
This leads to peak broadening and loss of efficiency due to the temperature near the outer 
wall of the column being much higher than that of the centre of the column (see Figure 1-
1). Depending on the inner diameter of the column, different temperature program ramp 
rates can be used. Chen and Horvath (Chen and Horvath 1997) successfully used a 180 µm 
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i.d, 2 µm particle diameter capillary column with heating rates of 10 °C, 20 °C and 30 °C 
per minute. 
 
Traditional silica columns are limited in terms of thermal stability and are only stable up to 
about 40 °C. New stationary phases with packings such as polymeric types, polydentate 
silica, graphitic carbon and zirconium oxide (Refer to section 1.8) are now commercially 
available and stable up to temperatures as high as 200 °C (Felix, Marin et al. 2003). 
Polycarbosilane bonded columns are stable up to temperatures of 170 °C under reversed-
phase chromatography with very acidic conditions. Polymer phases are stable up to 150 °C, 
whereas graphitic carbon and zirconium oxide packings are thermally stable up to 
temperatures of 200 °C. Although zirconia columns are stable up to such high temperatures, 
they show extensive amounts of column bleed when operated under temperature-
programmed conditions. Other thermally stable, non-silica supports that have been 
described are alumina and polystyrene cross-linked with divinylbenzene (PS-DVB) 
(McNeff, Zigan et al. 2000). 
 
However, most modern HPLC instruments, although fitted with a column heater, are yet to 
be fitted with programmable column ovens. These must usually be purchased separately; or 
alternatively, a conventional programmable GC oven can be used as an independent 
component of the system. There are a number of different methods for heating the column 
including a block heater, air bath or water jacket ovens (Zhu, Dolan et al. 1996). An air 
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bath heater is most suited to temperature programming (Djordjevic, Fowler et al. 1999) 
because it is possible to quickly raise the column temperature as there is little thermal mass 
to heat or cool. An air oven is sufficient for a micro column due to the narrow inner 
diameter, lower mass of columns and the lower flow rate that are used in capillary columns 
(Marin, Jones et al. 2004). A block heater or a water jacket oven are usually suited only to 
isothermal runs where they act as a heat sink with large thermal mass. Heaters with large 
thermal masses should be avoided when performing temperature programming due to the 
slow rate of thermal changes (Djordjevic, Fowler et al. 1999). When the column is heated 
in an aluminium block oven or a forced air oven, a slight deviation in the desired column 
temperature is observed, with a greater deviation in desired temperature found at the head 
of the column (Barka, Grebner et al. 2002). Convective air is not as good a heater medium 
such as a liquid medium, which is more effective, due to air having a lower heat capacity. 
Temperature programming with an air oven is more suited to GC. This problem in HPLC 
can be overcome by using narrower capillaries or a longer length of transfer line that is 
exposed to the desired temperature. An improvement was noted when aluminium inserts 
were used that had close contact with the column. 
 
With the reduced analysis times that are achieved when operating at super ambient 
temperatures, the decomposition of thermally labile analytes during the analysis isn’t such a 
significant concern as previously thought due to the analyte spending less time in the 
column. A longer column can be used at higher temperatures to give a retention time 
similar to a shorter one operated at room temperature, according to the specific particle 
diameters used and the respective length and temperatures (Thompson and Carr 2002). 
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Whilst traditional silica stationary phases are only stable to approximate temperatures of 40 
°C, in recent times, polybutadiene coated zirconia columns (Sun and Carr 1995; Li and 
Carr 1996; Li and Carr 1996; Li and Carr 1997; Li and Carr 1997; Li and Carr 1997; Li, Hu 
et al. 1997; Thompson and Carr 2002; Anderson, Nguyen et al. 2003; Xiang, Yan et al. 
2003; Sanagi, See et al. 2004) have been manufactured that are capable of withstanding 
temperatures of up to or above 200 °C for prolonged periods of time. 
 
The ongoing trend in HPLC has been to increase speed and efficiency of analysis. 
Temperature can now be manipulated to achieve this and this can be either as an elevated 
isothermal temperature or as a temperature gradient, providing the heating system is 
designed to allow for temperature programming. A study has been performed (Thompson 
and Carr 2002) to decide whether a faster analysis will be obtained by operating the system 
with a strong eluent and ambient temperature or with a weak eluent at high temperatures. It 
was suggested that if a highly retentive column was used, an increasing aqueous content 
eluent gradient implemented as the temperature is increased, would provide the faster 
analysis. If column retention is greatest at an initial temperature and eluent composition, the 
viscosity will be smaller at any given temperature with the corresponding eluent 
composition. 
 
It has been discovered that operating the HPLC column and system at high temperature and 
high flow rate improves the column efficiency by as much as 30% and the improvement 
takes place at a higher linear velocity region, through a decrease of the C term of the Knox 
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equation (Equation 1-4). The longitudinal diffusion coefficient (incorporated into the B 
term) is more significant at higher temperatures and low flow rates due to molecular 
interactions at the column walls, resulting in lower efficiency at higher temperatures. At a 
high linear velocity, where the C term is significant, the longitudinal diffusion is negligible, 
thus the efficiency is improved by operating columns at both elevated temperatures and 
higher flow rates (Li, Hu et al. 1997). Another advantage is possible increased sensitivity 
due to greater solute solubility and the reduction of column pressure drop (Bolliet and 
Poole 1998). In some studies, it has been found that a temperature increase has a negative 
effect on column efficiency when elevated temperatures were applied to the analysis of 
triazole fungicides (Sanagi, See et al. 2004), which was attributed to more significant 
molecular diffusion at high temperatures.  
 
The theoretical aspects of the influence of temperature in HPLC and retention 
characteristics can be described through the van Deemter equation (Equation 1-3) and the 
Knox equation (Equation 1-4). The van Deemter equation relates the plate height to the 
average linear velocity of the mobile phase: 
m
m
Cv
v
BAH ++=  
Equation 1-3 The Van-Deemter relationship 
where A, B and C are constants, H is the plate height and vm is the average linear velocity of 
the mobile phase. The A term corresponds to multiple path diffusion, the B term to 
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longitudinal diffusion with the C term to mass transfer between the mobile phase and 
stationary phase. vm is the linear velocity of the mobile phase in cm s-1. 
 
The Knox equation (Equation 1-4) is derived by using the reduced parameters for h 
(reduced plate height) and v (mobile phase velocity). The reduced parameter can be 
obtained by dividing the terms by the particle diameter, dp. The A term is dependent on 
mass transfer in the mobile phase, the B term on longitudinal diffusion and the C term 
relates mass transfer between the mobile and stationary phase. Each term varies differently 
with temperature. The A and C terms are independent of temperature changes (Li and Carr 
1997). The reduced plate height at the optimum velocity has been reported to increase with 
temperature, or to decrease (Molander, Trones et al. 1999) or even remain constant (Yan, J. 
et al. 2000). 
Cv
v
BAvh ++= 3/1  
Equation 1-3 The Knox equation. 
 
It is now accepted that efficiency improves at elevated temperatures due to the narrower 
peaks obtained through the reduction of analysis time, however some early reports have 
described it as being unchanged (Colin, Diez-Masa et al. 1978) or decreased (Poppe and 
Kraak 1983) (McCown, Southern et al. 1986). 
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As well as improved efficiency at high temperatures, the traditional problem of high 
backpressure of the column when operating the system at a high flow rate is minimised at 
elevated temperatures. The system backpressure is reduced at elevated temperature because 
of the decrease in eluent viscosity with an increase in temperature. This allows the user to 
equip the system with longer columns, columns of smaller particles and/or to operate the 
system at a higher flow rate than allowed at ambient temperatures, which in turn provides 
better efficiency, increases peak capacity and reduces the analysis time (Djordjevic, Fowler 
et al. 1999). Although the use of elevated temperatures in HPLC is advantageous, UV 
detectors cannot usually tolerate high temperature eluent above 60 °C (Thompson, Brown 
et al. 2001). In most cases, the eluent is cool enough by the time it reaches the UV detector. 
However this depends on a number of factors including the length of transfer tubing 
between the exit of the column oven and the detector, the operating temperature of the 
oven, the flow rate and the inner diameter of the transfer tubing. Precipitation of the analyte 
at the column outlet on cooling needs to also be considered as the pressure and temperature 
are reduced. 
 
Thermodynamic and retention behaviour within the HPLC column can be described 
through the Van’t Hoff equation (Equation 1-5). It also describes the effect that temperature 
has on retention of solutes in HPLC. 
φlnln
00
+
∆
+
∆
−=
R
S
RT
Hk  
Equation 1-4 The Van’t Hoff equation 
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where: 
k = retention factor, ∆H0 = system enthalpy, ∆S0 = system entropy, R = universal gas 
constant, φ = phase ratio of the column and T = the temperature in Kelvin. 
 
The retention factor is proportional to the solubility of the analyte in the mobile phase and 
the analyte sorption in the stationary phase. The Van’t Hoff equation shows that the 
retention factor decreases as the temperature is increased. The plot of ln k versus 1/T (in 
Kelvin), should generate a straight line, the slope of which gives the enthalpy of the solute 
interaction. Solutes with a large ∆H0 are affected to a greater extent by temperature 
changes, whereas those with a low ∆H0 do not show great variation in distribution between 
the mobile phase and stationary phase with changes in temperature (Djordjevic and 
Houdiere 1998). Since ∆H0 is negative, the retention factor decreases as the temperature is 
increased as anticipated (Zhu, Snyder et al. 1996). Curved Van’t Hoff plots can sometimes 
be obtained with complex samples such as polypeptides and proteins (Szabelski, Cavazzini 
et al. 2002). This can be attributed to changes in the heat capacity of the system which are 
independent of temperature. Non-linear Van’t Hoff plots can be described via the following 
equation: 
TC
T
BAk lnln ++=  
Equation 1-5 Relationship for non-linear Van’t Hoff plots 
where A, B and C are the coefficients to be determined and the other parameters are the 
same as those in Equation 1-5. 
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Non-linear Van’t Hoff plots may be caused by changes in retention mechanism or phase 
transition of the stationary phase (Cole and Dorsey 1992). Non-linear Van’t Hoff plots have 
also been attributed to changes of the phase ratio due to temperature and not just the 
enthalpy of the transfer (Chester and Coym 2003). Non-linear Van’t Hoffs plots can be 
found commonly in enantioseparations due to stationary phase desolvation or changes in 
the conformation of the stationary phase or changes in the molecular access to available 
stationary phase sites as the temperature varies (Wang, O'Brien et al. 2002).  
 
Temperature studies have recently been explored in other forms of liquid chromatography 
including Capillary Electrochromatography (CEC) (Djordjevic, Fitzpatrick et al. 2000), 
which is a pressure driven electrophoretic separation method where various changes in 
operating parameters have been investigated including gradient elution (Yan, Dadoo et al. 
1996) (Huber, Choudhary et al. 1997) (Taylor, Teale et al. 1997) (Lister, Rimmer et al. 
1998) (Behnke and Bayer 1994), pH programming (Deml, Pospichal et al. 1995), and an 
ionic matrix composition programming method and voltage programming. Temperature 
studies (Zhao, McLaughlin et al. 1998) have recently been performed as a method of 
optimising the separation and selectivity in contrast to the traditional use of temperature in 
electrochromatographic methods where it is used simply as a means of removing joule heat. 
The initial problem of using temperature as a variable parameter in electrochromatography 
is the problem of air bubbles forming along the column due to the turbulence of thermal 
gradients under the application of voltage. Since CEC is a hybrid method of Capillary 
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Electrophoresis (CE) and HPLC, the effects of temperature in both separation methods can 
be used to manipulate the separation. A restrictor may need to be used to provide adequate 
back-pressure to prevent the formation of air bubbles. 
 
One problem with performing HPLC at elevated temperatures is the possibility of an on-
column reaction between the analyte and stationary phase since the stationary phase 
changes conformation at high temperatures and a change in the mechanism of interaction of 
the analytes. The typical types of on-column reactions that can occur are hydrolysis, 
oxidation, isomerization and epimerisation (Thompson and Carr 2002). 
 
The possibility of whether an on-column reaction can be observed is determined by the 
Damkohler number - (Da) (Thompson and Carr 2002) (Equation 1-7). The number can be 
obtained with the following equation 
 
0
)'1(
u
kkLDa +=  
Equation 1-6 Damkohler Number equation 
where: 
k = first order reaction rate (s-1), L = column length (cm), k’ = retention factor, uo = linear 
velocity (cm/s) 
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If the Da number is less than 1, no reaction can be observed, whereas a Da number greater 
than 50 will signify a fast reaction. A Da number falling outside those limits will provide a 
single peak whereas a Da number between 1 and 50 might cause irregular peak shapes, 
band broadening and split peaks. This is due to an on-column reaction occurring during the 
time frame of the separation. 
 
 
1.5. Temperature programming in HPLC 
As well as performing micro HPLC at different isothermal temperatures, the narrow inner 
diameter of the column allows for the use of temperature programming, which is most 
commonly used in GC as an experimental, tuneable variable. Temperature programming 
was first explored in micro HPLC by McNair and Bowermaster (Bowermaster and McNair 
1984) in 1984 with advantages such as a 75% reduction in retention time, four-fold 
sensitivity increase for later eluting peaks and a reduction in pressure drop for the system 
they reported. The reduction of axial thermal gradients can be eliminated by reducing the 
column diameter (Poppe and Kraak 1983), therefore making temperature programming 
more attractive to micro HPLC, as opposed to conventional liquid chromatography. 
Temperature programming in liquid chromatography has been extensively reviewed by 
Greibrokk (Greibrokk and Anderson 2001). 
 
A more rapid separation can be obtained using temperature programming, including that at 
high flow rates. This is because, at high flow rates, back pressure is reduced at high 
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temperatures. The pressure drop (Equation 1-8) across a packed column can be determined 
using the following equation (Djordjevic, Fowler et al. 1999): 
2
pd
uLP ηφ=∆
 
Equation 1-7 Pressure drop across a column 
where: 
∆P = the pressure drop across the column, φ = the flow resistance factor, L = the column 
length, η = the mobile phase viscosity, u = the linear flow rate, dp = the particle diameter 
 
Temperature programming can be used in conjunction with gradient elution as a means of 
on-column focusing. When the temperature is raised in HPLC, retention is reduced. 
Therefore when the temperature is lowered, the elution strength of the mobile phase is 
decreased. Solutes that might be able to elute at a certain temperature can be held stationary 
at a lower temperature. Large volume on-column focusing, incorporated with temperature 
programming was described by Molander (Molander, Thommesen et al. 1999) in 1999 for 
the separation of retinyl esters, and showed increased sensitivity and resolution and a 
decreased analysis time. Temperature programming with large volume injections in micro 
HPLC has also been used as a concentration technique for ceramides (Molander, Holm et 
al. 2000). Since operating the system at elevated temperature results in reduced retention, 
on-column focusing can be easily performed since at ambient temperature the solubility of 
hydrophobic compounds is lower. This in turn could lead to solute precipitation within the 
system and also blockages in the narrow columns and transfer lines used in micro systems. 
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Temperature programming can offer an adequate gradient for the elution of such 
compounds. This technique has been applied to ceramides (Molander, Holm et al. 2000) 
retinyl esters (Molander, Thommesen et al. 1999), polyethylene glycol (Skuland, Anderson 
et al. 2003) and polyolefins (Molander, Ommundsen et al. 1999), oligomeric hindered 
amine stabilizers (Trones, Anderson et al. 2000), retinyl esters (Molander, Thommesen et 
al. 1999), antioxidants extracted from polyolefins (Molander, Haugland et al. 2000) and 
technical waxes (Molander, Ommundsen et al. 1999). 
 
Other studies where temperature programming was used in conjunction with gradient 
elution included peptide and protein samples (Chloupek, Hancock et al. 1994), 
phenylthiohydantoin amino acids (Noyes 1983), fatty acid esters (Anderson, Holm et al. 
2003) and a computer based program called DryLab to develop a new HPLC method or 
improve an existing one through multiple parameters such as solvent composition and 
temperature (Dolan, Lommen et al. 1990). 
 
A useful rule of thumb has been developed by Chen and Horvath (Chen and Horvath 1997) 
which states that in a reversed-phase system, a 1% decrease in acetonitrile concentration is 
approximately equal to a 5 °C increase in temperature, with respect to retention times. 
However, this rule does not apply to selectivity and is only limited to retention times, since 
temperature has greater effects on selectivity than eluent concentration (Refer to section 
1.6). The relationship was derived by analysing a series of alkyl benzenes in a temperature 
range between 30 °C and 80 °C. Publications thus far have not stated whether this rule is 
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also applicable at higher temperatures. Other studies (Marin, Jones et al. 2004) state a 
different relationship where a 1% increase in acetonitrile concentration corresponds to a 1.7 
°C change in temperature. Polystyrene divinylbenzene stationary phases exhibit a 5 °C to 8 
°C equivalence for a 1% acetonitrile mobile phase change with respect to retention changes 
and a 3.5 °C equivalence for a 1% change in methanol concentration in the mobile phase. 
Thus it is possible that the apparent relationship between temperature and solvent is also 
dependent on the solute. 
 
Inverse temperature programming has been performed occasionally when analysing 
polymeric samples where the temperature and solvent composition are varied inversely. For 
example, polyethylene glycol oligomers (PEG) have been analysed by Andersen 
(Anderson, Molander et al. 2001) where the temperature was reduced from 80 °C down to 
25 °C over a period of 40 min with an isocratic solvent composition of 30% acetonitrile in 
water. 
 
In some cases, temperature cannot be used on its own due to the limit in elution strength of 
temperature compared to the elution strength of gradient programming (Chen and Horvath 
1997). Temperature programming can offer the advantage of separating closely related 
molecules such as macromolecules. 
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Studies involving both temperature programming and flow programming (Houdiere, 
Fowler et al. 1997) (by adjusting the flow rate over time) have demonstrated that as well as 
decreasing the retention times of strongly retained compounds when temperature and flow 
rates are raised, the column performance does not deteriorate as rapidly at high flow rates 
when temperature programming is used rather than an isothermal analysis. This is due to 
the lower column backpressures that are obtained from operating the system at higher 
temperatures.  
 
 
1.6. Temperature effects on selectivity in HPLC 
 
In studies as recently as a decade ago involving temperature effects in HPLC, it was stated 
that “changes in sample resolution as a function of column temperature are fairly modest in 
most cases” (Zhu, Dolan et al. 1996). Selectivity refers to the capacity of the phase system 
to retain certain solutes to a greater extent than others. However, nowadays it is accepted 
that the adjustment of temperature may have a greater effect on selectivity than the effect 
caused by changes in the mobile phase composition. Other factors that can influence 
selectivity is the application of an external field such as pressure and light (Go, Sudo et al. 
1998), however temperature is the most easily altered for normal control of the system. 
 
The variation of selectivity with temperature was initially described by the following 
relationship (Dolan 2002). 
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bTaKK −=∆ //  
Equation 1-8 Variation of selectivity with temperature 
 
where: 
K = the distribution coefficient, ∆K/K = the relative selectivity, T = the temperature 
a and b are constants. 
 
In more recent times, the relationship between temperature and retention for a solute at two 
different isothermal temperatures can be described as: 
 
)/1/1(loglog TTakk RRT −−=
 
Equation 1-9 Relationship between temperature and retention for a solute at two 
different isothermal temperatures 
where: 
kR = the retention factor at the original temperature, TR = the original temperature, kT = the 
retention factor for the new temperature, T = the new temperature. 
If a is different for the two compounds, a will change with a change in the temperature. 
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Depending on the stationary phase of the column, solutes analysed and the temperature, 
greater resolution can be obtained compared to performing conventional HPLC 
experiments. Different stationary phases behave differently in terms of selectivity 
depending on their chemistries. The largest changes in selectivity with temperature have 
been found to be most significant with long alkyl chain lengths and liquid crystalline 
stationary phases (Sander and Wise 2001). Carbon-clad zirconia stationary phases are very 
selective towards separation of enantiomers (Jackson, Kin et al. 1997) and structural 
isomers (Weber and Carr 1990) and have the advantage of being stable over a wide pH 
range of 1 to 14 and to temperatures as high as 200 °C (Park, Lee et al. 2004). Selectivity 
has been further optimised in a novel study involving coupling two columns of different 
stationary phase and to operate them at different temperatures (Mao and Carr 2000). In this 
study, polybutadiene and carbon clad zirconia stationary phases were used and selectivity 
was optimised by adjusting the operating temperature of both individual columns. 
 
Since the stationary phase structure is altered when temperature is changed, different 
stationary phases exhibit different changes with temperature. A common stationary phase in 
a column that has been used for selectivity studies is poly(N-isopropylacrylamide) 
(poly(NIPAM)). It is made up of a temperature responsive polymer which has a low critical 
solution temperature (~32 °C) and exhibits rapid phase transition at that temperature 
(Anderson, Molander et al. 2001).  
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The influence of temperature on the selectivity is also dependent on the solutes and 
functional groups present (Li and Carr 1997). It has been found that for compound classes 
such as polyaromatic hydrocarbons (PAHs), temperature does not play a significant role in 
altering the selectivity, whereas functional groups such as fluorine caused corticosteroids to 
show greater selectivity changes.  
 
Temperature selectivity can be favoured under a number of instances including the 
following for ionizable samples (Zhu, Dolan et al. 1996): 
• When a solute can interact rapidly to an isomer or conformer 
• When an acidic or basic solute is partially ionised to exist in both ionised and un-
ionized form 
• When ion pairing is used 
• When a stabilizer, used as a mobile phase additive, is retained, it will affect retention.  
• When the retention of solutes is sensitive to stationary phase conformation changes as 
temperature is varied 
• When the size and shape of solutes is different, leading to different entropies 
• When solutes have different functional groups that are temperature dependant and the 
temperature dependence for the groups is different 
 
Selectivity has been found to be improved for certain compounds when operating the 
HPLC at elevated temperatures for the separation of enantiomers, due to the new 
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conformation of the stationary phase leading to stronger enantioselective interactions with 
the analyte, a larger number of enantioselective sites or a decrease in the number of non-
selective sites (Wang, O'Brien et al. 2002).  
 
The selectivity of macromolecules differs greatly at different temperatures. Chen and 
Horvath (Chen and Horvath 1997) demonstrated that at 30 °C β-lactoglobulins are baseline 
separated whereas when the temperature was raised to 50 °C, the β-lactoglobulins end up 
co-eluting. A temperature program of 30 °C/min beginning at 30 °C provided better peak 
shapes and adequate resolution for the solutes analysed. 
The influence of temperature on selectivity (and retention) has been explained using the 
Solvation Parameter model which can give a quantitative interpretation of the influence of 
temperature on retention (Bolliet and Poole 1998).  
 
0
2222log βαpi Σ+Σ++++= Χ basrRmVck HH  
Equation 1-10 Solvent parameter model for the influence of temperature on retention 
where: 
k = the retention factor, VX = the characteristic volume of the solute (cm3 100mol-1), R2 = 
the excess molar refraction (cm3/10), H2pi  = the ability of the solute to stabilize a 
neighbouring dipole by its capacity for orientation and induction interactions, H2αΣ , 
0
2βΣ  
are parameters characterising the solute’s effective hydrogen bond acidity and basicity, 
respectively, and a, b, and c are constants. 
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The solvent parameter model has been successfully applied to study the stationary phase 
retention variation in gas chromatography (Poole and Poole 2002) but the method described 
above was the first time the method was applied to liquid chromatography. 
 
1.7. Thermal mismatch broadening 
Thermal mismatch broadening is a term given to the temperature gradient between the 
mobile phase and the column. In most cases, high temperature HPLC is performed with the 
column in a hot oven, with the rest of the system at ambient temperature. When the eluent 
at the centre of the column is cooler than that of the column wall, a radial temperature 
gradient and a viscosity gradient is introduced, although a radial retention factor gradient 
dominates the temperature mismatch broadening effect (Thompson, Brown et al. 2001). 
This will cause the solute at the wall of the column to be less retained and move axially 
faster than that in the centre of the column. This effect may cause severe peak broadening, 
depending on the magnitude of the temperature gradient.  
 
Depending on the inner diameter of the column, the mobile phase may need to be pre-
heated prior to entering the oven, in order to be at the same temperature as the desired oven 
temperature (Thompson, Brown et al. 2001). As well as depending on the diameter of the 
column, the dimensions of the transfer lines also affect the magnitude of thermal mismatch 
broadening. The effects of thermal mismatch broadening are decreased column efficiency, 
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severe band broadening and even peak splitting (Wolcott, Dolan. et al. 2000). The length of 
pre-heating tubing used needs to be long enough to avoid thermal mismatch broadening but 
at the same time, it needs to be short enough to avoid extra-column broadening (Guillarme, 
S. et al. 2004). 
 
The mobile phase can be preheated by a number of ways. Some HPLC systems have built 
in features which automatically adjust the temperature of the mobile phase to that of the 
column (Perchalski and Wilder 1979) but in most cases a long length of transfer tubing is 
used as a pre-heater, which is placed in a coiled manner in the oven. The length of transfer 
tubing required depends on the operating temperature of the column and the inner diameter 
of the column and transfer tubing. To avoid thermal mismatch broadening it is 
recommended to have less than a 5 °C temperature gradient between the mobile phase and 
column temperature (Poppe and Kraak 1983). 
 
Failure to closely equalise the mobile phase temperature and the column temperature will 
cause thermal mismatch broadening or an on-column reaction. Increasing the temperature 
of the column will increase the reaction rate, however the Da number (Refer to Equation 1-
7) improves as the eluent temperature is raised. This is provided that the decrease in 
analysis time is more significant than the increase in the reaction rate.  
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The length of preheated tubing required also depends on both the temperature of the 
column and the flow rate that the system is operating at. For example, if the column 
temperature is 225 °C and the diameter of the stainless steel tubing is 0.010 – 0.025 cm, 
approximately 3 cm of tubing is required for a flow rate of 0.5 mL/min, whereas 60 cm is 
required for a flow rate of 9 mL/min (Thompson, Brown et al. 2001). 
 
The length of pre-heating tubing that is required to heat the mobile phase to avoid thermal 
mismatch broadening can be obtained by the following equation: 
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Equation 1-11 Length of pre-heating tubing required to avoid thermal mismatch 
broadening. 
where: 
L = length of pre-heating tubing, εe = the external packing porosity, Cp = the mean specific 
heat of the fluid, R’th = the total resistance to heat transfer, ucol = the column linear velocity, 
2
cold  = the square of the column diameter, TB = the temperature of the oil bath, Tin = the 
inlet temperature of the eluent, Tout = the outlet temperature of the eluent. 
 
Thermal mismatch broadening can be described by the following diagram (Figure 1-2), 
where the variation in temperature across the column leads to peak broadening. 
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 Figure 1-2 Description of Thermal Mismatch Broadening 
 
 
It has been discovered that when using conventional 4.6 mm i.d columns, thermal mismatch 
broadening can occur at temperatures as low as 80 °C (Marin, Jones et al. 2004) when the 
rest of the system is situated at ambient temperature. A solution to this problem is to use 
micro HPLC. The residence time of the mobile phase in the preheating capillary due to 
flow rate is approximately five times longer in micro HPLC compared to conventional 
HPLC systems if the columns are both operated at the same column linear velocity 
(Thompson, Brown et al. 2001). 
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1.8. Stationary Phase Thermal Stability 
1.8.1. Polybutadiene stationary phases in HPLC 
The use of polybutadiene coated zirconia columns (and other coated zirconia columns) 
gained widespread use in the 1990s through the research of Peter Carr and co-workers 
(Jackson and Carr 2002) (Jackson, Kin et al. 1997) (Li and Carr 1997) (Li and Carr 1997) 
(Li and Carr 1996) (Li and Carr 1996) (Li and Carr 1997) (Li, Hu et al. 1997) (Mao and 
Carr 2000) (Marchand, Croes et al. 2005) (Park, Lee et al. 2004) (Sun and Carr 1995) 
(Thompson, Brown et al. 2001)  (Thompson and Carr 2002) (Weber and Carr 1990) 
(Xiang, Yan et al. 2003) (Yan, J. et al. 2000) (Zhao and Carr 1999). This stationary phase 
has the main advantage in high temperature HPLC of having the extreme thermal stability 
at temperatures above 200 °C with a passage of 1300 column volumes of solvent over the 
phase with analysis time being decreased 18-fold (Li, Hu et al. 1997) . Similar studies by 
the same research group showed that the zirconia stationary phase is thermally stable for 
7000 column volumes of solvent at 100 °C (Li and Carr 1997). Thermal stability for these 
stationary phases was measured by monitoring the drift in the retention factor while 
continuously pumping mobile phases through the column at a temperature of 100 °C (Li 
and Carr 1996). Zirconia is most frequently chosen as the support material due to it its high 
chemical and thermal stability as well as possessing the physical and mechanical properties 
of other metal oxides (Nawrocki, Rigney et al. 1993).  
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The stationary phase is prepared by coating polybutadiene onto porous zirconia. The 
polybutadiene is evaporatively deposited on microparticulate porous zirconia, and carbon 
loads of different percentage by weight up to 5.6% have been used (Li and Carr 1996). The 
polybutadiene phase is less retentive than the traditional octadecylsilane stationary phase 
but at the same time has an equal sensitivity to changes in mobile phase composition as the 
octadecylsilane phase. Therefore, the chemical and thermal stability can be used as an 
advantage and methods used on traditional silica columns can be transferred easily to 
polybutadiene zirconia columns.  
 
Polybutadiene coated zirconia columns are highly efficient, providing total plate counts of 
90,000 plates per metre (Li and Carr 1997). Another advantage that polymer phases have 
over traditional silica is their stability and insolubility at high pH and their stability in 
acidic solutions, as hydrolysis of the siloxane bonds isn’t a problem as with octadecylsilane 
stationary phases (Li and Carr 1996). As well as this problem, elevated temperatures in the 
analysis will accelerate the dissolution of the silica in an aqueous solution (Sanagi, See et 
al. 2004). The working range of the zirconia stationary phase is stable from a pH range of 1 
to 14 (Sanagi, See et al. 2004) compared to the pH limits of 2 to 7 for silica-based packings 
(Sun and Carr 1995). Silica phases have been found to degrade through hydrolysis of the 
phase at pH levels below 3 and temperatures above 40 °C (Park, Lee et al. 2004). Another 
advantage of using zirconia as a support is that it exhibits both anion and cation exchange 
properties, depending on the solution pH and the buffer system that is used, if present 
(Rigney 1989). However, some zirconia phases have exhibited column bleed and baseline 
rise at temperatures between 150 °C and 200 °C when temperature programming was 
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performed (Trones, Anderson et al. 2000). This is probably due to material leaching from 
the packing of the zirconia columns. The same phenomenon was observed with various 
mobile phases, although a methanol-water mobile phase showed less of a baseline rise than 
an acetonitrile-water mobile phase. 
 
The retention on the polymeric stationary phases is affected by the amount of polymer that 
the pore contains (Li and Carr 1996) . If there is an excessive amount of polymer in the 
pores, the distribution will not be uniform and could block the pores whereas an insufficient 
amount will not properly cover the particle surface.  
 
Superheated water (Refer to Section 1.11) as the mobile phase has also been used with 
polybutadiene zirconia columns (Fields, Ye et al. 2001) at 200 °C with comparisons made 
to conventional HPLC operating parameters using ambient temperatures and acetonitrile-
water mobile phases. The zirconia columns provided unique selectivity at high 
temperatures using a water mobile phase that was not found on traditional silica stationary 
phases. The use of zirconia columns is generally avoided when performing temperature 
programming in HPLC due to the large amount of column bleed that they exhibit when 
used under such conditions (Felix, Marin et al. 2003).  
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1.8.2. Other thermally stable stationary phases in HPLC 
Another type of zirconia particle column is the carbon-clad zirconia packing. These 
supports have the same advantageous physical properties as polymer coated zirconia phase 
which include high thermal and chemical stability over a greater temperature and pH range. 
The main use for carbon-coated supports is for the separation of structural isomers (Weber 
and Carr 1990). Carbon-coated phases are also highly retentive, which gives them the 
added advantage of being capable to pre-concentrate polar solutes. Carbon clad zirconia 
columns have been used for applications such as aromatic isomers, substituted benzenes 
(Weber and Carr 1990) and amino acids (Park, Lee et al. 2004).  
 
 
1.9. Elevated Pressure Liquid Chromatography 
The use of high pressure in HPLC dates back to the mid 1960s when Giddings (Giddings 
1964) (Giddings 1965) showed that the maximum number of obtainable plates and analysis 
speed are dependent on the upper system pressure that can be reached. Giddings stated the 
maximum number of attainable plates and the total speed of the analysis is dependent of the 
available pressure of the system. This study led to the use of high pressures to alter the 
selectivity of two different solutes. 
 
Since this period, further attempts have been made at operating HPLC systems at elevated 
pressures. In 1975, Halasz (Halász, Endele et al. 1975) devised a conventional HPLC 
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system with an upper pressure limit of 7400 psi. After the initial hypothesis by Giddings in 
1964, Biddlingmeyer (Biddlingmeyer, Hooker et al. 1969) investigated using a pressure 
drop of 22,500 psi across a column packed with 10 µm bare silica gel using a pure water 
mobile phase. This proved to be a more environmentally friendly system with increased 
efficiency due to smaller particle diameters and provided shorter analysis times. 
 
Elevated pressure liquid chromatography, using pressures above the standard HPLC 
pressures is a relatively new liquid chromatographic technique. New system advantages of 
this technique are the much smaller particle sizes of the stationary phase packing that can 
be used (~1.7 µm), since backpressure can be better accommodated. This allows for the use 
of longer columns for much higher efficiencies, and faster flow rates combined with 
elevated pressure to give a more rapid and efficient separation.  
 
Modern day experimental observations of ultrahigh pressure liquid chromatography can be 
traced back to 1997 when Jim Jorgenson and John MacNair, (MacNair, Lewis et al. 1997) 
designed a system using fused silica capillaries with inner diameters of 30 µm which were 
slurry-packed with non-porous 1.5 µm octadecylsilane modified silica particles. Pressures 
as high as 60,000 psi were reached and a 30 min analysis time was reduced to less than 10 
min and the columns generated 300,000 theoretical plates over a length of 70 cm. In 1999, 
the column dimensions were further reduced by Jorgenson and MacNair (MacNair, Patel et 
al. 1999) where 33 µm inner diameter columns with lengths of 25 cm to 50 cm were slurry 
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packed with 1 µm particles and pressures up to 72,000 psi were achieved. An electrically 
driven constant flow syringe pump was also used which was capable of generating 
pressures as high as 130,000 psi. A schematic diagram of a typical UPLC system is shown 
below (Lippert, Xin et al. 1999). 
 
 
 
Figure 1-3 Schematic diagram of UPLC system  
 
The use of smaller particle sizes allows for the use of a faster linear velocity which gives 
improved resolution and a faster analysis (Swartz 2005). The narrower the inner diameter 
of the column, the less impact the A term (eddy diffusion) of the van-Deemter equation 
(Equation 1-3) is expected to be (Wu, Lippert et al. 2001). The smaller eddy diffusion 
contribution is characterised by the narrowing of the flow rate distribution over the cross-
section of the column. The C term of the van Deemter equation is dependent on the particle 
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size of the packing particles, where it represents the contribution to plate height due to the 
resistance to mass transfer of the solute molecules in the mobile phase and the stationary 
phase. Therefore the use of smaller particles will reduce the C term contribution to plate 
height, therefore reducing the overall plate height. The C term is also dependent on the 
square of the particle diameter (MacNair, Lewis et al. 1997). The main reason for the 
improved speed and efficiency is due to the fact of elevated pressure HPLC taking 
advantage of the relationship between linear velocity and plate height, derived from the 
van-Deemter equation (see Equation 1-3) (Castro-Perez, Plumb et al. 2004). 
 
Table 1-1 below describes the reduction in analysis time and the increase in efficiency 
when using smaller particles in liquid chromatography (Jerkovich, Mellors et al. 2003), 
such that equivalent separation performance is achieved according to the particle diameter 
of the stationary phase (dp). 
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Table 1-1 Pressure requirements for differing stationary phase particle diameters (dp) 
to provide equivalent separations 
dp ∆P Theoretical 
Plates 
Retention Time Relative 
Elution Time 
(mm) (psi) (N) (min) (%) 
5.0 210 25,000 35.0 100 
3.0 1000 42,000 21.0 60 
1.5 8000 83,000 10.5 30 
1.0 26,000 125,000 7.0 20 
0.75 62,000 166,000 5.0 14 
where: 
column length = 25 cm, k = 2, Dm = 6.0 x 10-6 cm2 s-1, η = 1.0 cP 
 
Recently, Waters have developed their own commercial very high pressure liquid 
chromatography system called UPLC (Swartz 2005). The system uses a 15 cm column 
length, packed with 1.7 µm particles and is capable of operating at an upper pressure limit 
of 15,000 psi. UPLC has been used by Waters for a number of applications as diverse as 
the study of drug metabolism (Castro-Perez, Plumb et al. 2004) (Plumb, Castro-Perez et al. 
2004), metabonomics (Plumb, Granger et al. 2005) pharmaceutical applications (King, 
Stoffolano et al. 2005) (Swartz 2005) (Wren 2005) (Yang and Hodges 2005) (Grumbach, 
Wheat et al. 2005), explosives (Swartz 2005), herbicides (Wu, Lippert et al. 2001). 
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1.10. Instrumental requirements for elevated pressure liquid 
chromatography 
Various instrumental considerations (Wu, Lippert et al. 2001) have been taken into account 
with the development of ultrahigh pressure liquid chromatography. These include pump 
considerations, column considerations, injection valves and detection systems. The 
injection volume of the sample also needs to be very low due to the high efficiency of the 
method. The injector valve needs to be stable enough at high pressures to avoid leaks 
during the injection process. A new injection device was designed by MacNair (MacNair, 
Lewis et al. 1997) (MacNair, Patel et al. 1999) which is referred to as a static-split 
injection. In this technique a channel between the injection and waste valves is filled with 
100 µL of sample in a syringe. A pressure of approximately 800 psi is applied with the aid 
of a small pump to force a small amount of that sample into the column. The valve is then 
switched to flush out the excess sample in the syringe. When the channel is rinsed with 
mobile phase and all excess sample is removed, the valve is switched back to its original 
position and the desired high pressure for the analysis is applied. The two main 
disadvantages of this technique are that a large amount of sample is consumed and also the 
total time of the injection step is excessive. Valco (Wu, Lippert et al. 2001) introduced a 
new pressure-balanced injection valve in 2001 that involved mobile phase exerting pressure 
on a spring system. The tension applies a force which is proportional to the system 
pressure. A split injection system is used to load the column with a narrow 20 nL injection 
plug. 
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As mentioned above, the column diameters need to be narrow. There is also the possibility 
of frictional heating at high flow rates. An attempt to use a conventional sized column at 
high flow rates can produce a high amount of frictional power where the heat produced can 
raise the temperature of the mobile phase to boiling point (Jerkovich, Mellors et al. 2003). 
This needs to be minimised and the use of a narrow bore capillary column has a better heat 
dissipation. 
 
Various detection mechanisms can be used in elevated pressure liquid chromatography 
including fluorescence (MacNair, Patel et al. 1999), electrochemical or more robust and 
universal UV detectors or even time-of-flight mass spectrometry (Lippert, Xin et al. 1999). 
Due to the narrow transfer lines that are used, UV detection is usually performed in the on-
column mode where a small window is made on the capillary.  
 
Conventional HPLC pumping systems usually have an upper pressure limit of 400 bar 
which confines columns of 5 µm particle diameter to lengths of less than 25 cm (Jerkovich, 
Mellors et al. 2003). Therefore columns of approximately 1.5 µm particle diameters are 
limited to a length of 3 or 4 cm unless improved pumps, seals and fitting are redesigned to 
cater for elevated pressure. Super high pressure liquid chromatography can overcome the 
limits of pressure that pumping systems are affected by due to using small particles. (Wu, 
Lippert et al. 2001).  
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Now that the elevated pressure door has been opened, it should be expected that many 
researchers and commercial organizations will commence using higher pressure HPLC. 
 
1.11. Superheated water as an eluent in HPLC 
The use of superheated water as the sole eluent (i.e unmodified) has been explored in 
HPLC recently. The advantages of using pure water as the mobile phase at high 
temperatures are that it is a non-flammable solvent, reduces solvent costs, the elimination 
of organic waste and since it is the most ultraviolet transparent solvent in HPLC, it can be 
used down to the optical limits of the detector (Fields, Ye et al. 2001). 
 
Due to the reduced viscosity of the mobile phase at high temperatures, chromatographers 
have consequently attempted to use superheated, neat water as the mobile phase in HPLC. 
The dielectric constant of water is reduced from 80 at 25 °C to 35 at 200 °C (Kephart and 
Dasgupta 2002) which allows water to possess the characteristics of an organic solvent and 
be classified as a moderate polarity solvent at high temperatures, comparable to an 
acetonitrile-water or methanol-water eluent composition. At temperatures between 200 °C 
and 250 °C, the polarity of water is similar to that of pure acetonitrile and methanol at 
ambient room temperature (Yang and Li 1999). Water behaves as a moderately polar 
organic solvent at high temperatures because the hydrogen bonding effects are decreased as 
the temperature is increased, making it effectively less polar (Marin, Jones et al. 2004). A 
relatively high pressure is needed when the temperature of water is raised to maintain the 
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water in the liquid state (Ohbo, Koizumi et al. 2002). When operating at an elevated 
temperature, using a water mobile phase, analytes that are normally strongly partitioned 
into the stationary phase are released back into the mobile phase, without the need for any 
organic modifier in the solvent system. This is due to enhanced mobility of the bonded 
stationary phase which provides reduced hydrophobic interactions between the analytes and 
the stationary phase and also the enhanced water solubility of the analytes. Hu (Hu and 
Haraguchi 1996) demonstrated this effect using a mixture of nucleosides and their 
respective bases. High temperature HPLC using water as an eluent has been explored up to 
temperatures as high as 400 °C at pressures of 400 bar (Smith and Burgess 1997) to 
separate PAHs and PCBs from environmental samples. 
 
Thompson and Carr (Thompson and Carr 2002) showed in 2002 that the speed of a HPLC 
analysis is improved by using a more aqueous mobile phase at a high temperature with a 
highly retentive column, to avoid loss of resolution due to the elevated thermal conditions. 
 
To perform a reversed-phase separation of polar compounds, a highly aqueous mobile 
phase is needed, however, using a 100% water mobile phase leads to stationary phase 
collapse when used in such conditions for prolonged periods of time (Enami and Nagae 
1998). Hydrophobic stationary phases such as C18 columns collapse onto the gel surface as 
a means of “escaping” from water, i.e hydrophobic repulsion in highly aqueous solvents. 
This leads to erratic retention times, poor reproducibility and poor peak shape. In common 
practice, a very small amount of organic modifier (~ 2%) is added to the mobile phase. 
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However, in 1999, Phenomenex (Doshi 1999) designed a new polar endcapped reversed-
phase column, AQUATM, with high stability for use with aqueous eluents. The column 
combines an ultra pure, low acidity porous silica support with a double endcapped 
stationary phase after dense bonding with octadecylsilane functional groups. 
 
Studies showed that reasonable retention factors for hydrophobic analytes can be obtained 
using a pure water mobile phase by synthesising a stationary phase that has moderate-to- 
low polarity and low volume in relation to the mobile phase volume in the column 
(Quigley, Ecker et al. 1999). 
 
Kephart et al. (Kephart and Dasgupta 2002) applied superheated water HPLC under 
isothermal conditions for a mixture of benzene derivatives on polybutadiene and carbon 
modified zirconia packings at a temperature of 375 °C and pressures in excess of 10,000 psi 
using a capillary HPLC system. The analysis time was reduced to only two minutes.  
 
The use of water as a mobile phase also allows for the use of flame ionization detection 
(FID), a universal and very sensitive detection technique which is the most common 
detection method in GC (Dixon 1984). Since water does not show any significant response 
in an FID detector, FID can be used as a sensitive detection method in HPLC (Bruckner, 
Ecker et al. 1997) (DiSanzo, Herron et al. 1993) (Dixon 1984) (Hooijschuur, Kientz et al. 
2000) (McGuffin and Novotny 1981) (Miller and Hawthorne 1997) (Quigley, Ecker et al. 
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1999) (Wu, Tang et al. 2001) (Inglese, Janssen et al. 1998). The column temperature, 
detector temperature and the hydrogen flow rate need to be chosen carefully as a large 
amount of water will extinguish the flame. The origin of superheated water in 
chromatography as a mobile phase was first explored in 1975 when Rudenko, et al 
(Rudenko, Baydarovtseva et al. 1975) used steam as the mobile phase in packed column 
GC for the separation of polar compounds. Miller and Hawthorne (Miller and Hawthorne 
1997) explored FID optimisation to maintain adequate sensitivity by varying the ratio of 
hydrogen to air and found that the air-flow rate had little effect on FID sensitivity provided 
that the air flow rate was 100 mL/min greater than the hydrogen flow rate. The position of 
the transfer capillary with respect to the tip of the FID also has an effect on sensitivity and 
baseline, with a distance of 3 cm below the tip found to be the optimum distance. 
 
A novel drop interface method was devised by Bruckner et al (Bruckner, Ecker et al. 1997) 
where volatile organic compounds in water were selectively analysed by FID which 
consisted of a headspace sampler that was based on eluent drop formation. The eluent from 
the column formed a drop at the capillary tip and helium flowing past the drop is enriched 
with the volatile components in each drop. Forming drops increases eluent resistance time 
to ensure adequate transfer of the volatiles to the gas phase, for FID detection. 
 
They key to ensuring a good separation in a pure water mobile phase is to increase the 
pressure to maintain water in the liquid state at temperatures above the boiling point of 
water. Failing to do so will introduce spikes in the baseline which can eclipse the legitimate 
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peaks, depending on the severity of the turbulence, and affect the accuracy of quantitation. 
These spikes are most probably introduced from small droplets of liquid hitting the 
collector electrode, causing electronic disturbances in the baseline (Hooijschuur, Kientz et 
al. 2000). In some cases a restrictor needs to be placed in-line after the column on the 
system to increase backpressure. The back-pressure will not be as high as it usually is under 
given conditions due to the increased temperature that the system is operating at. Inglese 
(Inglese, Janssen et al. 1998) suggested the use of a second oven, with a relatively low 
operating temperature of 75 °C, independent of the separating column oven temperature. 
The second oven is connected to the first oven via a thermostatted transfer line. This 
reduces the blockages that can occur in the tapered restrictors that are used to prevent 
sputtering of the eluent when temperature programming is performed, which cause spikes 
in the baseline.  
 
The use of superheated water in HPLC has been applied to a wide range of applications 
including anti–cancer drugs (Teutenberg 2001), alcohols (Wu, Tang et al. 2001) (Miller 
and Hawthorne 1997) (Hooijschuur, Kientz et al. 2000), phenols (Wu, Lippert et al. 2001), 
alkylphenones (Yan, J. et al. 2000), alkyl benzenes (Yang, Jones et al. 1999) (MacNair, 
Lewis et al. 1997) (Foster and Synovec 1996), PAHs (Yang, Belghazi et al. 1998) (Young, 
Ecker et al. 1998) (Kephart and Dasgupta 2002), organophosphate pesticides (Novotny 
1985), testosterones (Fields, Ye et al. 2001), ketones (Smith and Burgess 1996), and 
organic hydrocarbons (Foster and Synovec 1996). 
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1.12. Electrospray Ionization Mass Spectrometry 
Electrospray ionization mass spectrometry (ESI) is a relatively new, but now very 
widespread soft-ionization technique. There are two types of atmospheric pressure 
ionization processes which utilise ionization at atmospheric pressure 
• Atmospheric Pressure Chemical Ionization (APCI) 
• Electrospray Ionization (ESI) 
 
Sample 
Solution
3.5 kV
 
Figure 1-4 Diagram of the Electrospray Interface 
 
The modern technique was developed in the 1980s by John B Fenn, who was awarded the 
Nobel Prize in 2002 for the invention. However, its origins date back to the 1930s. In the 
1960s, Dole et al (Dole, Mack et al. 1968) developed it further as a mechanism for sample 
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ionization, and discovered the multiple charging mechanism that it employs. John Fenn 
(Fenn, Mann et al. 1989) further developed the modern aspects of electrospray in the 
1980s, which in turn widened the use of electrospray to general use in laboratories over the 
world as a practical mass spectromic ionization technique. 
 
The rapid take-up of the ESI technique is attributed to the ability to mass measure 
compounds that are introduced into the probe via direct nebulization, its capacity to deal 
with high molecular mass and thermally labile compounds and also to its suitability as 
mass-selective HPLC detector, which up to this time was a significant technical failing of 
HPLC. Now, for the first time, a reliable mass spectral detection tool is also available to 
complement HPLC separations. 
 
Electrospray ionization offers a number of advantages when it is coupled to HPLC as an 
identification technique. A wide range of analytes can be analysed through this process, 
including large and small molecules and also polar and ionizable non-polar ones. Most 
solvent systems and buffers used in ESI are compatible with HPLC and therefore, the two 
techniques can be directly interfaced. In conventional HPLC, the flow normally needs to be 
split in order to provide a flow small enough into the electrospray probe, which is not 
necessary in micro HPLC which uses flow rates up to 10 µL/min. The technique can be 
viewed from a standpoint of its benefits to both the chromatographer and the mass 
spectrometrist. 
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The benefits for the chromatographer are that it can provide both qualitative and 
quantitative data; it is compatible with the low flow rates of micro HPLC systems; it is 
independent of functional groups present in the analytes and that it can be used as a mass-
specific identification system. For the mass spectrometrist, compounds that are not volatile 
enough for GC analysis can quickly and easily be introduced into the mass analysis system. 
The compounds can be directly analysed without the need for derivatization and the 
ionization source can be directly coupled to the HPLC system with little or no system 
modification being necessary. A schematic diagram of the electrospray ionization process is 
shown below (Cech and Enke 2001). 
 
Figure 1-5 Schematic diagram of the Electrospray Ionization Process  
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The differences between ESI and APCI are that ions are formed in the gas phase in APCI, 
rather than in the eluent stream from the HPLC system (which is where ions are formed in 
the electrospray mechanism). In APCI, the HPLC eluent is nebulised in a heated chamber 
via a corona discharge needle and the analyte and solvent are evaporated. The analyte ions 
are in turn formed as a result of reagent ions in the solvent causing protonation or 
deprotonation of the analyte. The ionization process in electrospray is slightly different and 
arises due to ions being formed in solution. As the eluent passes through the needle tip, an 
aerosol of charged particles is formed due to the high electric field and high pressure flow 
of the drying gas. The size of the droplets decreases as they evaporate at atmospheric 
pressure and the charged analytes migrate to the surface of the droplet. The repulsive forces 
eventually exceed the surface tension of the droplets, which is referred to as the ‘Rayleigh 
Limit’. The droplets then explode, producing a subsequent series of even smaller droplets 
which carry a charge. This process continues until the electric field force on the surface of 
the droplet exceeds the solvation energy of the analyte ions. The analyte ions are then 
expelled from the droplet and then travel to the mass analyser for detection.  
 
The electric field that is applied will penetrate the liquid of the eluent which is flowing 
through the capillary, which will cause the ions in solution of equal polarity to move to the 
surface of the liquid. The ions of opposite polarity will move in the opposite direction and 
form what is known as the electric double layer. 
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The electrospray source can be operated in both positive ion and negative ion modes 
depending on the analytes chosen for analysis. In the positive ion mode a positive ion is 
attached to the ion and in the negative ionization mode, a positive ion is removed from the 
molecule. Molecular ions are then generated and are referred to as [M+H]- or [M-H]- peaks 
and pseudo molecular ions such as [M+Na]+, [M+K]+ and [M+NH4]+. These adducts can 
also be formed in positive ionization mode. 
 
The types of ions that can be obtained in electrospray can be summarised as follows: 
• [M+H]+  protonated molecule in acidic conditions 
• [M+Na] +    cationization (could also be potassium or ammonium) 
• [M+X]+      solvent or buffer cation adduct (where X = solvent or buffer molecule) 
• [M+H+S]+  solvent or buffer adduct on a protonated molecule 
• [2M+H]+    a protonated dimer  
• [M-H]–   deprotonated molecule (negative ion mode) 
• [M+H]–      hydride addition (negative ion mode) 
 
In an electrospray analysis, the analytes are pumped into the mass spectrometer within the 
micro HPLC eluent at a flow rate between 1 µL/min – 10 µL/min. A high voltage is applied 
to the capillary to aid ionization, which is usually approximately 3.5 kV. The probe is 
operated at desired voltage as decided by the user. If a higher degree of fragmentation is 
desired, the probe can be operated at a higher voltage. The operating voltage of the probe 
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can also affect the sensitivity of the signal, depending on the compounds classes that are 
being analysed and the degree of ionization they exhibit.  
 
Ion formation can be affected by a number of factors with respect to the solvent system and 
the sample used. The solvent needs to be volatile and polar enough to use the electric field 
for the formation of charged droplets. The sample needs to be completely soluble in the 
solvent and the total concentration of the solution needs to be dilute. If a solution is too 
concentrated, too many ions will enter the probe and the degree of ionization will be 
decreased. This is caused by factors such as the limited amount of excess charge that is 
present, limited amount of space on droplets or competition and suppression at high 
concentrations. The optimum working concentration for a sample being analysed by 
electrospray is approximately 10-10M. 
 
Buffers can be added to the eluent to aid ionization, however they need to be chosen 
carefully due to differences in chemistry and they also need to be compatible with the given 
analytes being tested due to the possibility of the buffer reacting with the analyte. Charged 
species are favoured with acetate and formate buffers, whereas neutral products are 
favoured by sulphate, borate and phosphate buffers. A major concern relating to the use of 
phosphate buffers is that they tend to sorb to the probe and capillary and give a phosphate 
peak in subsequent analyses and the build up of non-volatile residue in the probe, even 
when present at very low concentration. When using buffers, adducts may be obtained in 
the final spectra. An adduct is the addition of a solvent or buffer molecule to the molecular 
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ion being analysed. Common adducts that can be obtained in electrospray ionization are 
ammonium [M + NH4]+, sodium [M + Na]+ and potassium [M + K]+. Also adducts of the 
organic modifier in the eluent are also possibly formed. As well as a buffer, a common 
additive to the sample solution to help with ionization is a small amount of acid, generally 
acetic acid, formic acid or trifluoroacetic acid.  
 
The response of the analyte in electrospray can be enhanced by binding the analyte of 
interest with a larger organic molecule, such as a protein or peptide (Cech and Enke 2001). 
Peptides contain multiple charges and can also contain amino acid side chains that respond 
favourably to electrospray. The adduct is then shifted away from the lower mass regions of 
the resulting spectrum which commonly has a high abundance of solvent molecules, 
impurities and also fragmentations of disinterest. 
 
Background noise is commonly found in an electrospray analysis over a wide mass range 
which can be attributed to ions reaching the detector without going through the mass 
analysis process or analyte and solvent clusters passing through the mass analyser. 
 
More recently, research studies have investigated decreasing the diameter of the capillary, 
using a lower solution flow rate. The ions that are created have a higher mass to charge 
ratio, making the ionization technique even softer by reducing the required voltages 
through a smaller inner diameter or the spray needle. This technique has been referred to as 
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nanospray ionization. A sample concentration in nmol/mL is injected into the system 
through a disposable tip. The advantage of this technique is that it is more robust to highly 
aqueous solvents and to salt contamination. The disposable tips, however pose a problem 
for reproducibility of the results when tips are changed. 
 
1.13. Electrophoretic Trapping In Micro Flow Systems 
1.13.1. Concentrating and Focusing in Electrophoresis systems 
Both HPLC and CE have their own traditional methods of concentrating or focusing 
compounds in a liquid flowing system. In HPLC, analytes can be concentrated or focused 
using two-dimensional HPLC, with a reduction in eluent strength between the two 
dimensions, giving an increase in the distribution coefficient. A switching valve containing 
an even number of ports is used to direct effluent in different paths in a two dimensional 
system. In most cases, compounds are focused on a short pre-column and then analysed on 
the second dimension which is an HPLC analytical column, of normal dimensions. In back-
flushing mode (Brunetto, Obando et al. 1980) (El Mahjoub and Staub 2000) (Hernandez, 
Hidalgo et al. 1998) (Katagi, Nishikawa et al. 2001), a weak eluent and a short pre-column 
are most commonly used in the first dimension that leads to a waste chamber. Analytes of 
interest are concentrated and cleaned up on the first dimension while undesired compounds 
can be flushed to the waste chamber. The switching valve is then rotated to its other 
position that supplies a higher strength eluent, eluting the analytes on to the second 
dimension which is known as the analytical column. The function of this process is to 
increase band concentration (and to reduce limits of detection) or to increase peak capacity. 
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Recently, multidimensional capillary electrophoresis has been explored (Liu and Lee. 
1999). Examples of multidimensional CE that have been implemented are the coupling of 
isotachophoresis (ITP) with capillary electrophoresis (Peterson, Bowerbank et al. 2003) 
(Wainright, Williams et al. 2002) (Kaniansky, Masar et al. 2000) (Bodor, Madjova et al. 
2001) (Bodor, Zuborova et al. 2001) or CE coupled with channel gel electrophoresis (Liu 
1996). Often, a focusing step is also employed. 
 
 
1.13.2. Stacking and Sweeping 
The traditional methods of concentration in CE have been stacking and sweeping. Stacking 
mode was first described in 1979 (Mikkers, Everaerts et al. 1979). In this focusing 
technique, a sample plug in low concentration buffer is injected into a capillary, which 
contains the same buffer composition, but of higher concentration (Kruaysawat, Marriott et 
al. 2003). The electric field across the sample plug is higher than the electric field across 
the background electrolyte. This causes ions to migrate faster within the sample zone. As 
they reach the zone boundary, the ion migration will slow down due to the lower electric 
field outside the sample plug. Cations and anions will concentrate at opposite ends of the 
sample plug, which allows the injection plug to be focused into a narrow band of cations 
and anions, thus increasing sensitivity.  
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Sweeping is also a focusing technique that is used in micellar electrokinetic capillary 
chromatography (MEKC) and involves the accumulation of analyte molecules by a 
pseudostationary phase that penetrates and fills the sample zone upon application of voltage 
(Quirino and Terabe 1998) (Gilges 1997). The analyte zones become narrower due to 
partitioning as the sample molecules are attracted to the pseudostationary phase. 
 
 
1.13.3. Isotachophoresis 
Isotachophoresis (Stegehuis, Irth et al. 1991; Stegehuis, Tjaden et al. 1992) separates 
analyte bands according to the differences in the electrophoretic mobilities (Peterson, 
Bowerbank et al. 2003). Analytes of one type migrate at the same speed (hence the name, 
iso for same and tacho for speed). In this technique, the sample is focused by ITP in the 
first capillary. The isolated bands are then injected into the second capillary of smaller 
diameter. The signal of the resulting electropherograms is averaged, thus improving the 
sensitivity. This method uses a discontinuous buffer system with a leading and a 
terminating electrolyte. Only anions or cations can be separated in an experiment. A 
constant velocity is maintained by adjusting the electric field in the different zones but its 
major disadvantage is that several different types of support buffers need to be used 
(Martinez, Borrull et al. 1997). To separate anions, the leading electrolyte has an anionic 
component with a higher mobility than the analyte. The terminating electrolyte has a lower 
mobility than the analyte. On the application of voltage, anions migrate towards the 
negative electrode, with the leading electrolyte moving at the greatest velocity. Analytes 
separate into zones that are determined by their mobilites. 
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1.13.4. Isoelectric focusing 
Different methods of focusing that have been used in CE are field-amplified sample 
stacking (Martinez, Borrull et al. 1997) (Leung and De Mello 2002) (Wey and Thormann 
2001) (Zhao, McLaughlin et al. 1998), which relies on a conductivity gradient between the 
sample and the buffer, field-enhanced sample injection (Quirino and Terabe 1998) (Wang, 
Wu et al. 2003), a pre-concentration technique using a pH junction (Kim 2003), large 
volume sample stacking (Huang 2003) and iso-electric focusing (Deml, Pospichal et al. 
1995) (Tang, Harrata et al. 1997) (Shave and Vigh 2003). A novel method for protein 
analysis by CE was developed in 2002; here, online focusing was achieved by etching a 
small section of the capillary with dilute hydrofluoric acid (Wei and Yeung 2002). This 
created a porous membrane that allowed electrical current to pass through within the buffer. 
 
A pH junction can be used as an on-line method, based on the difference in analyte 
mobility between the carrier electrolyte and the sample matrix. In this method, the capillary 
is conditioned with background electrolyte. The analyte is then injected into the capillary. 
Focusing occurs due to the change in mobility between the background electrolyte zone and 
the sample zone, and the focused analyte migrates as a narrow band, independent of the 
sample matrix.  
 
Isoelectric focusing can be performed with a pH gradient. A pH gradient can be formed by 
filling the capillary with ampholytes and applying an electric field. Zwitterions can be 
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analysed using the method. If zwitterionic compounds are placed in a pH gradient, they will 
migrate, reaching their isoelectric point. A basic solution can be at the cathode and an 
acidic solution at the anode and the application of voltage will cause zwitterions to migrate 
until they reach a region where they become neutral and be focused. 
 
 
1.13.5. Two-Dimensional HPLC-CE systems 
Combining both methods (LC and CE) as a hybrid separation method has been 
implemented (Lemmo and Jorgenson 1993) (Moore Jr and Jorgenson 1995) (Hooker 1997) 
and shown to increase peak capacity. CE is a more efficient technique than HPLC, and 
provides narrower peaks, therefore increasing peak capacity. The common theme in the 
focusing methods described above is that the principle by which solutes migrate is 
exploited, causing band compression. For example, dilution can be used in an aqueous 
system for focussing in a reversed-phase HPLC method, where remobilisation of the 
analytes can be achieved by using an organic-rich eluent. Alternatively, an ionic association 
for ions on an ionic exchanger of appropriate charge in a weak eluent, followed by a 
stronger eluting buffer eluent in ion-exchange can be used.  
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1.14. Introduction to work described in thesis 
This thesis will explore various aspects of high temperature HPLC and develop a novel 
trapping technique in electrophoretic conditions, incorporating a forward pumping action 
which is a hybrid between HPLC and CE. 
 
Temperature programming and elevated isothermal temperatures will be used in HPLC to 
demonstrate that it is a viable technique for reducing analysis time and improving 
sensitivity of analyses. Selectivity changes and improved resolution will be shown by 
means of altering temperature and in some cases by altering eluent composition. Inverse 
temperature programming combined with gradient elution will also be described. 
 
An applied electric field as a trapping device in CE, analytes will be concentrated at an 
electrode which is placed near the flow stream prior to an analytical HPLC column. 
Organic modifiers are required to aid retention and it has been shown that non-aqueous CE 
has been explored recently. Since a pump is not used in conventional CE, a flat flow profile 
is given instead of a parabolic profile and sensitivity can be increased prior to an analytical 
HPLC separation. This could be considered as a hybrid technique which combines aspects 
that are found in both HPLC and CE, using novel focusing methods. This thesis will 
employ micro HPLC concepts, along with micro UV detection and electrospray methods. 
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Chapter 2 Experimental 
2.1. Instrumentation 
2.1.1. HPLC Instrumentation 
All analyses were performed using two different HPLC systems. The predominant 
instrument of use was a CapLC capillary HPLC system (Waters, Milford, USA) (Figure 2-
1) equipped with an autoinjector (capable of injection volumes as low as 1 nL), a binary 
solvent pump, a 0.5 µm in-line filter prior to the column and a Waters CapLC PDA photo 
diode array detector. The system consists of the solvent manager, autosampler, column 
heater, PDA detector, Masslynx NT software and Waters ZMD mass detector.  
 
Figure 2-1 Waters CapLC System, (Waters, (USA) 
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The CapLC system is capable of delivering flow rates of up to 40 µL/min, however the 
normal operational flow rates range between 1 µL/min and 10 µL/min. In the present work, 
the flow rate was normally set to 6 µL/min, which is a scaled equivalent of a 1 mL/min 
flow rate in conventional HPLC. This relationship is calculated with respect to the inner 
diameters of the columns and transfer tubing within the CapLC system by Waters.  
Three modes of injection are possible: 
• Full-Loop Injection Mode – The sample loop (2.5 µL or 5 µL) is completely filled, 
providing maximum reproducibility, however the total volume is not completely 
injected into the column. 
• Partial-Loop Injection Mode – The sample loop is filled with a specified volume which 
can be up to 50% of the volume of the loop. This injection method conserves more of 
the sample, however reproducibility is sacrificed slightly. 
• Microlitre Pick-Up Mode – The sample loop is only filled with the specified injection 
volume and the sample is moved into the loop via a transport liquid, which is typically 
the mobile phase.  
 
The mechanism of the injection modes is described below in Figures 2-2, 2-3 and 2-4. The 
schematic representations of the injection modes flow from left to right directions in each 
valve configuration. 
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Figure 2-2 Full loop injection process, (Waters, USA) 
• Full-loop injection (Figure 2-2): 
With the injection valve in the inject position, the outer needle punctures the septum of the 
sample vial and enters the vial. A head space pressure parameter is available which applies 
pressure through the needle to prevent the formation of air bubbles within the sample. The 
syringe aspirates the programmed flush volume of sample from the vial. An air space 
segment is available which can be enabled to add an air segment in front of the flush 
volume of the sample. The injection valve switches to the load position, which places a 
sample front at the sample loop inlet. The sample loop is quantitatively filled by 
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transporting three times the loop volume through the loop. The injection valve then 
switches to the inject position and the sample is introduced into the column. 
 
 
Figure 2-3 Partial loop injection process, (Waters, USA) 
 
• Partial-loop injection (Figure 2-3):  
 
In the partial loop injection process, the method of injection is the same as a full-loop 
injection, however instead of filling the loop with three times the loop volume, it is only 
filled with the specified injection volume for the analysis (lower left diagram). 
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Figure 2-4 Microlitre pick-up mode injection process, (Waters, USA) 
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• Microlitre pick up mode (Figure 2-4): 
In the microlitre pick up mode injection process, transport liquid is used to flush wash 
solvent from the transfer lines. Most commonly, the transport liquid is the same 
composition as the mobile phase that will be used for the analysis. With the injection valve 
in the inject position, the outer needle punctures the septum of the transport vial and the 
sample needle enters the transport liquid. Headspace pressure is again applied through the 
outer needle to prevent the formation of air bubbles in the liquid. The aspirated liquid is 
used to flush solvent through the sample line. The needle then moves to the sample vial and 
the injection valve switches to the load position. The programmed injection volume is then 
aspirated into the needle. The needle then moves back to the transport vial and the sample 
is quantitatively transferred into the injection loop with transport liquid from the vial. The 
inject valve switches to the inject position and the sample is transported into the column. 
 
In most cases during these studies, the partial loop injection mode was used for adequate 
reproducibility and sample conservation. 
 
Eleven different eluent gradient curves (Figure 2-5) (Waters, Milford USA) are available in 
the CapLC HPLC system, which are fully software controlled. These are given an arbitrary 
number as a description of their time versus solvent composition profile, ranging from 1 
(eluent composition advances directly to end condition from the beginning of the run) to 
11, where the initial eluent composition is held until the end of the analysis, where it then 
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directly advances to the end condition. A value of 6 describes a direct linear solvent 
program between the initial and end conditions. 
 
Figure 2-5 Gradient curves available in CapLC system, (Waters, USA) 
 
Solvents for mobile phase preparation were HPLC grade acetonitrile, methanol, 
tetrahydrofuran (BDH) and Milli Q water (MILLIPORE). All solvents were manually 
filtered (0.45 µm) and degassed prior to use using a vacuum system (OTHER 
APPARATUS) prior to use. 
 
Transfer lines in the chromatographic system in all cases comprised of 50 µm i.d fused 
silica tubing or PEEK tubing for micro HPLC analyses. For elevated temperature studies, 
fused silica was the only feasible option for transfer tubing due to the low melting point of 
PEEK transfer lines and the inevitable expansion and contraction of stainless steel tubing. 
Therefore, PEEK tubing can cause problems with connection viability. When fused silica 
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was used as transfer tubing, the fittings used were plastic with a teflon sleeve surrounding 
the fused silica to avoided leakage. This teflon tubing was not needed when PEEK tubing 
was used as the transfer line. 
 
In micro HPLC, the dimensions of the detector need to be scaled down accordingly with the 
diameters of the column and transfer lines. Potential blockages can be experienced if the 
sample is too concentrated. The waters CapLC comes equipped with a photo diode-array 
detector (PDA) (Figure 2-6), consisting of the following specifications: 
 
• Flow cell inner volume: 0.25 µL internal volume 
• Flow cell path length: 5 mm 
• Flow cell internal diameter: 0.25 mm 
• Wavelength range: 190 to 800 nm 
• Number of diodes: 512 
• Maximum operating pressure: 1000 psi 
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Figure 2-6 PDA optics assembly and light path, (Waters, USA)  
 
The spot-to-slit fibre optic cable is used to transport light from the flow cell to the grating, 
which disperses light into bands of wavelengths. The cable is arranged in a seven-segment 
pattern, consisting of one segment surrounded by six segments, giving the appearance of a 
spot. The pattern changes at the other end of the cable to an aligned column of seven 
segments, which gives the appearance of a slit. The width of the slit is 90 µm and it 
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controls the wavelength resolution and intensity of the light coming in contact with the 
photodiodes. 
 
Conventional HPLC analyses were performed on a Shimadzu Class LC10A instrument 
HPLC system using a conventional 4.6 mm i.d column (Kyoto, Japan). The system was 
equipped with an auto-injector system, photo diode array detector and a quaternary solvent 
pump. The HPLC was connected to a computer using a CBM-101 communication bus 
module and Shimadzu Class-LC10 software for data acquisition. The PEEK transfer lines 
in this system had an inner diameter of 16 thousandths of an inch. 
 
Various micro columns supplied by Waters such as Xterra, Symmetry, tC18 and Sunfire 
(Waters, Milford USA) (150 mm x 0.32 mm x 5 µm) were used for high temperature 
studies. The dimensions correspond to length, inner diameter and particle size, respectively. 
 
 
2.1.2. Mass spectrometry instrumentation 
Mass Spectrometry was performed using a ZMD mass detector (Micromass, UK), equipped 
with an electrospray ionization source via a HPLC-PDA-MS sequential system. The probe 
is capable of operating under both positive and negative ion mode. In most studies, positive 
ion mode was used. The capillary voltage was typically 3.5 kV and the cone voltage was 
varied between 20 volts and 70 volts, depending on the degree of source-induced 
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fragmentation desired or depending on the response and extent of ionization of the solutes, 
which can vary with cone voltage for different compounds. The default parameters that 
were used for mass spectral analysis are listed below and include: 
• Desolvation Gas: 220 mL/min 
• Cone Gas: 105 mL/min 
• Source Temperature: 80 °C 
• Desolvation Temperature: 130 °C 
• Ion Energy: 0.5 
• RF Lens: 1 
These parameters were sometimes slightly altered if inadequate sensitivity was noticed. The 
main parameters that were varied were the capillary voltage and the cone voltage. 
 
The system utilises a Z-spray mechanism (Figure 2-7) where the sample enters the mass 
analyser in an angular mechanism, close to 90º via vacuum to avoid undesirable impurities 
entering the mass analyzer whereas most other older systems have a direct injection 
mechanism. A metal plate is suspended at the angular point to prevent any impurities from 
entering the mass spectrometer. 
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Figure 2-7 Schematic diagram of sample introduction into mass spectrometer 
 
Direct injections for mass spectrometric analyses were achieved using a syringe pump that 
is capable of delivering flow rates in the same order of magnitude as the micro HPLC 
system. The syringe pump was equipped with a Hamilton-Microlitre gas-tight syringe 
(Harvard Apparatus). The transfer lines were 50 µm i.d. fused silica (Phenomenex). Using a 
6 µL/min flow rate with this syringe pump gave a 40 min maximum run time using a 250 
µL syringe which was adequate for both sample analysis and flushing the probe. When 
performing both UV and MS detection, a software controlled mechanism in Masslynx can 
be used to align the retention times of both detection processes, since a slight difference in 
time is observed due to analytes having to travel further distance downstream of the PDA 
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into the mass spectrometer. This is done by specifying a negative delay time for the MS 
retention time, based on the differences in retention times between both detection steps. 
The system was connected to a computer equipped with Masslynx (Version 3.5, 
Micromass, UK) software for data acquisition and interpretation. The program consists of 
separate windows for control of the HPLC and MS systems and also for offline data 
analysis. 
 
 
2.1.3. High temperature HPLC 
A modified Shimadzu GC-8A Gas Chromatograph (Shimadzu, Japan) was used as the oven 
for column heating, temperature programmed analyses and for housing the HPLC columns. 
The Waters CapLC system contains a built-in, software-controlled column heater, but the 
column temperature is limited to an upper limit of 80 °C and cannot be temperature 
programmed. The gas chromatograph was used on a standalone basis without any gases 
being used or detector operating (Figure 2-8). The oven was manually controlled and is 
capable of performing increasing or decreasing temperature programming rates, at up to 10 
°C/min increments. Most temperature program ramp rates used were between 2 °C/min and 
5 °C/min to provide adequate thermal equilibration within the column. 
 
The unions which connect the column to the transfer lines in the GC oven need to be of 
high thermal stability and to be resistant against expansion and contraction under large 
Chapter 2: Experimental 
 72 
thermal gradients. The column was joined up to the transfer tubing using metal unions. The 
fused silica was threaded through a narrow-bore 5 cm stainless steel tubing and butted up to 
the column inlet and outlets. The stainless steel tube was held in place by two stainless steel 
bolts which gave a tight fit. The changes in dead volume were found to be negligible after 
operating at extreme thermal gradients, although it was observed that the ends of the fused 
silica needed to be cut and cleaned up periodically due to degradation at the ends with 
thermal gradients.  
 
Conventional HPLC analysis that has been performed at high temperature required pre-
heating of the mobile phase prior to entering the column. The pre-heating step is achieved 
by using a large length of coiled transfer tubing, the length of which is dependant on the 
tubing inner diameter. Since the diameter of the transfer tubing used was 50 µm in micro 
HPLC, it was found that little or no pre-heating was required to avoid thermal mismatch 
broadening due to the narrow inner diameter of the transfer tubing with little peak 
broadening observed.  
 
When operating at a range of isothermal temperatures, columns were given an equal 
thermal equilibration time in order to obtain consistent temperature profile over on the 
stationary phase bed inside the columns. When the temperature was raised in the oven, a 
thermal equilibration time of 5 minutes was allowed, whereas the cooling down step needed 
much longer (~ 20 min, depending on the temperature), with the oven door being open. 
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Figure 2-8 Schematic diagram of general high temperature HPLC setup 
 
 
2.1.4. Electrophoretic trapping 
The concepts of electrophoretic trapping of solutes within a flow stream were validated 
using the chromatographic system shown in Figure 2-9. The system consisted of a syringe 
pump (Harvard Apparatus) equipped with a 250 µL Hamilton-Microliter series gastight 
syringe, capable of delivering flow rates of several nanolitres per minute, operating mostly 
at 1 µL/min. All connecting capillaries used were 50 µm i.d. fused silica (Phenomenex). 
The lengths of capillary used were 65 cm from syringe pump to ground electrode, 15 cm 
from the ground electrode to the power supply electrode, and 90 cm from power source to 
detector. A 1 cm window was made in the fused silica for on-column UV detection. No 
HPLC column was used during the validation experiments. A modified Lauerlabs Prince 
CE system (Prince Lauerlabs) was used to supply the voltage, equipped with a UV detector 
(Prince Lauerlabs), operating at 220 nm. The buffer and sample reservoirs in the system 
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were not used. Instead, the electrode was placed in either a 3-way t-piece (Upchurch 
Scientific) (Figure 2-10) or wrapped around the metal union to provide electrical contact 
(Figure 2-12). The outlet buffer reservoir situated after the on-column detector was used as 
a waste compartment. Data were acquired using ClassLC-10 Shimadzu software (version 
1.60) (Shimadzu, Japan). Borate buffer (50 mM) solution was used, containing the test 
analyte, benzoic acid (10 mg/L). All solutions were degassed and filtered (0.45 µm). 
Positive voltage was applied for a specified time during the analysis, referred to as the 
accumulation period, with polarity then being reversed for different lengths of time, 
referred to as the remobilization period.  
 
+
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ground
 
Figure 2-9 Schematic diagram of validation setup 
 
A more robust system (Figure 2-11) was arranged with an auto-injector system using a 
CapLC µ-HPLC system (Waters, Milford, USA). Flow rates delivered were much more 
accurate than in the system described above and used over the range of 0.5 µL/min and 3 
µL/min. A 50 µm fused silica tubing was used as described previously. A 50 cm connecting 
capillary was used to the ground electrode, a 15 cm effective trapping region to the high 
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power electrode, and 60 cm from the high voltage electrode to the on-column detector, the 
distance of which incorporates the column. A metal union (Valco) was used to connect the 
two capillaries with the ends of fused silica butted up as close together as possible in the 
union to minimize any dead volume (Figure 2-12). The Lauerlabs CE system and UV 
detector were used as described above. A tC18 prototype column (150 mm x 0.32 mm x 5 
µm) (Waters, Milford, USA) was used for both HPLC separation and to maintain back-
pressure to prevent the formation of air bubbles at higher applied voltages. With a column 
situated in series, organic modifier was added to the buffer mixture to aid retention in the 
HPLC step. 
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Figure 2-10 Schematic Diagram of Electrophoretic Trapping System 
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Figure 2-11 Schematic diagram of three-way t-piece trapping device 
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Figure 2-10 Schematic diagram of metal union trapping device 
 
2.2. Sample chemicals and analytes 
2.2.1. Phenol mixture 
A commercially available 17 component phenol standard PHM-804 (ALLTECH) was used 
for initial high temperature studies. The 17 phenols were dissolved in analytical grade 
dichloromethane (BDH) to a concentration of 100 mg/mL. This was further diluted in 
100% methanol (BDH) to a final concentration of 1 mg/mL and 10 mg/mL for HPLC 
analysis and filtered through a 0.45 µm filter. The solution was kept refrigerated when not 
in use to avoid chemical degradation. The mobile phase for these analyses was 30% 
acetonitrile (BDH) under isocratic conditions, which was varied when gradient conditions 
were used. The mixture contained the following compounds: phenol, 4-nitrophenol, p-
cresol, m-cresol, o-cresol, o-chlorophenol, 2,4 dinitrophenol, 2-nitrophenol, 2,6-
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dichlorophenol, 2,4-dimethylphenol, 4-chloro-m-cresol, 2-methyl-4,6-dinitrophenol, 2,4-
dichlorophenol, 2,4,6-trichlorophenol, 2,4,5-trichlorophenol, tetrachlorophenol and 
pentachlorophenol. 
 
 
2.2.2. Corticosteroid analysis 
A mixture of seven corticosteroids (Sigma-Aldrich) (cortisone, hydrocortisone, 
corticosterone, prednisone, prednisolone, Reichstein’s substance and dexamethazone) was 
prepared to 10 mg/L concentration by dissolving the solid standard of each compound in 
the mobile phase which was either THF or acetonitrile or in 100% methanol. Each 
individual compound was also made up as a series of standards. The methanolic solutions 
of the standards were used as a standalone sample and also to obtain a baseline dip to get an 
indication of the void retention time for calculations involving retention factors. The 
baseline dip is generated due to methanol being a different solvent to the mobile phase. 
Samples were filtered through a 0.45 µm filter prior to injection on the HPLC column. Two 
mobile phase conditions were used for this study: acetonitrile/water and THF/water with a 
different percentage of each solvent. 
Mass spectral analyses for the corticosteroids were operated under positive ion mode, and 
the conditions were as follows: 
• Capillary Voltage: 3.5 kV 
• Cone Voltage: 50 V 
• Extractor: 20 
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2.2.3. Polycyclic Aromatic Hydrocarbons analysis 
Standard mixtures of four PAHs (Polycyclic Aromatic Hydrocarbons) were used for these 
studies. These consisted of Naphthalene, Acenaphthene, Phenanthrene and Anthracene. 
These were diluted in acetonitrile to a concentration of 1%. A 1% concentration of Uracil 
was used to determine the unretained peak time (void time) for retention calculations. 
 
2.2.4. Tea and coffee analysis 
Samples of tea and coffee were prepared by dissolving commercially available tea and 
coffee in boiling water. All samples were filtered through a 0.45 µm filter and cooled prior 
to analysis. Sample degradation was frequently observed; therefore fresh solutions were 
prepared daily for chromatographic analysis. The mobile phase was acetonitrile and water 
containing 0.1% TFA to aid the ionization process in the mass spectrometer and various 
HPLC gradients were used for elution. Mass Spectral analysis was performed using 
positive ion mode with a capillary voltage of 3.5 kV and cone voltages of both 30 volts and 
70 volts were tested. Selected ion monitoring was also used when specific masses were 
desired for analysis. The mass ranges that were scanned for 50 to 400 m/z for tea and 50 to 
900 m/z for coffee The PDA detector was set to analyse absorbances between 220 nm and 
400 nm for most runs and in some cases, specific wavelengths were selected.  
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2.2.5. Grapeskin extract 
Grapeskin extract was obtained from Deakin University and was prepared in a methanolic 
solution. The extract was diluted 10-fold and filtered through a 0.45 µm filter. 
Chromatographic and mass spectral conditions were used as described for the tea and 
coffee analysis. No further preparation was required. 
 
2.2.6. Electrophoretic Trapping 
The test analytes used in the electrophoretic trapping studies were benzoic acid, saccharin 
and quinine sulfate (10 mg/L) which were diluted with the buffer that was to be used. The 
buffers that were used were either sodium borate (40 mM) or sodium acetate (70 mM). 
For the initial testing of the designed system, the borate buffer had a concentration of 50 
mM. 
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Chapter 3 High temperature HPLC 
 
3.1. Introduction 
Operating the HPLC system at an elevated temperature offers the advantage of 
decreasing the total analysis time and increasing the efficiency of the separation. 
Improved resolution can also be expected with controlled, rather than ambient 
temperature, which can vary with local conditions or air-conditioning. Temperature has 
been a neglected variable in HPLC until recent times due to the lack of thermally stable 
stationary phases and the absence of accurate and robust column heating facilities in 
commercial HPLC systems. Built-in column heaters have been developed, however only 
for temperatures slightly above ambient, but are normally limited to a temperature of 
approximately 40 °C to 60 °C, which is also the approximate upper thermal stability of 
standard HPLC stationary phases. However, with the advent of stationary phases that are 
capable of withstanding high temperatures, and more accurate and robust column heaters, 
the use of temperature has become an increasingly important variable in HPLC, alongside 
the traditional method of gradient elution and isocratic eluent compositions. As well as 
column heaters and stationary phases, narrower column diameters have also been 
advantageous for exploiting temperature as a programmable variable in HPLC, due to the 
improved axial thermal homogeneity across the column, providing the advantage of more 
rapid thermal equilibration across the column bed. 
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This chapter will describe the use of elevated temperature in micro HPLC separations of 
phenols and corticosteroids, with temperature programming being focused on in Chapter 
4. Various theoretical aspects involving above ambient temperature in HPLC such as 
van’t Hoff plots, selectivity changes and retention variation will be discussed and thermal 
stability of columns at elevated temperatures will be considered. 
. 
3.2. Elevated temperature analysis of Phenols 
 
The selection of phenols (Section 2.2.1) described below was chosen due to their long 
analysis times that they exhibit under isothermal and isocratic conditions, involving 
closely eluting peaks in early regions of the chromatogram and more widespread elution 
later in the analysis. This pattern arises when an eluent composition is used that provides 
adequate resolution of early eluting compounds. A stronger eluent may be used to 
decrease the analysis time, however resolution would be sacrificed for early eluting 
compounds. Instead of using the standard method of gradient elution, elevated 
temperatures and temperature programming (see Chapter 4) can be used to reduce the 
analysis time and obtain greater sensitivity through band compression.  
 
Figures 3-1 to 3-3 show the application of elevated thermal conditions for a mixture of 
seventeen commercially available phenols (Section 2.2.1). These were performed on a 
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Waters Symmetry micro column (Waters, Milford USA) (150 mm x 0.32 mm x 5 µm) at 
a wavelength of 254nm. When using isocratic eluent conditions of 30% acetonitrile and 
70% water, with a temperature slightly above ambient, the total analysis time is over 80 
minutes (Figure 3-1). Since the earlier eluting compounds elute close together and the 
later eluting compounds are spaced out, gradient elution is conventionally required for 
this separation. In the classical HPLC experiment, this would be the most practical 
method. However, the application of elevated temperature in micro HPLC, while keeping 
the eluent composition constant results in the same reduction in analysis time to the 
conventional method, however choosing an eluent composition that has an increased 
aqueous content is necessary if elevated temperature is used to avoid co-elution of earlier 
eluting peaks. This provides a greener and less expensive method since a lower 
proportion of organic solvent is used.  
 
Since the separations below are performed in general isothermal elevated temperature, a 
small loss in resolution is observed for earlier eluting peaks. If temperature programming 
is used (see Chapter 4) instead of elevated isothermal temperatures, the earlier eluting 
compounds will not exhibit any significant resolution loss, whereas the later eluting 
compounds will gain sensitivity and the total analysis time will remain shorter than 
isocratic and elevated isothermal conditions. Figure 3-1 is a standard isothermal and 
isocratic analysis of the phenol standard mixture at 50°C. The complexity of the sample 
can be seen in the region between 5 and 15 minutes whereas compounds elute well 
resolved, albeit with excessive resolution after 15 minutes. Elevating the temperature to 
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70°C or 90°C (Figures 3-2 and 3-3) further reduces the analysis time, however resolution 
is sacrificed. This can be overcome by performing temperature programming where 
earlier eluting compounds maintain their resolution and the later eluting compounds gain 
sensitivity where they have reduced peak width, therefore giving a greater concentration 
and greater peak height in the UV detector. 
In the case of phenols, selectivity is not altered greatly at different temperatures between 
pairs of phenols, however sensitivity is improved. Note that the individual peaks cannot 
be separately identified due the unavailability of individual standard solutions of the 
compounds. 
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Figure 3-1 Elevated temperature analysis of phenol mixture: 30% ACN, Flow rate 6 
µL/min, Temp 50 °C 
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Figure 3-2 Elevated temperature analysis of phenol mixture: 30% ACN, Flow rate 6 
µL/min, Temp 70 °C 
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Figure 3-3 Elevated temperature analysis of phenol mixture: 30% ACN, Flow rate 6 
µL/min, Temp 90 °C 
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As well as the general reduction in analysis time when performing high temperature 
HPLC, other experimental factors such as retention factors, selectivity changes (see 
Section 3-5), and resolution are also affected by thermal gradients. The general pattern 
followed by retention time is that it decreases as temperature is increased, usually in a 
linear fashion. However, selectivity and resolution changes over a thermal gradient can 
be both linear and/or non-linear, due to different chemical interactions between the solute 
and the stationary phase involving both the enthalpy and entropy of the transfer.  
 
3.3. Elevated temperature analysis of corticosteroids 
The analysis of corticosteroids by HPLC has been reviewed by Volin (Volin 1995). 
Corticosteroids are a range of drugs based on the natural product cortisol that have been 
used as a clinical medicine including as a treatment for asthma in the late 1950s (Rowe, 
Edmonds et al. 2004) and as a treatment for septic shock, among other illnesses. 
 
Corticosteroids have been analysed over the years by using a range of different 
chromatographic conditions incorporating different eluents and column types including 
normal and reversed-phase conditions, isocratic and gradient elution, with detection by 
UV absorbance, fluorescence and mass spectrometry. They have also been analysed by a 
hybrid method of HPLC and CEC, incorporating gradient elution (Taylor, Teale et al. 
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1997). However, in most of these studies, variation of the temperature of the column has 
been a neglected parameter, with most methods being carried out at ambient conditions.  
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Figure 3-4 Chemical structures of Corticosteroids analysed 
 
Corticosteroids are polycyclic compounds consisting of 3 six-membered rings, a 
cyclopentane ring and contain a minimum of two carbon-oxygen double-bonds. 
Dexamethasone contains the same chemical structure but also possesses an 
electronegative fluorine group on one of the cyclohexane rings which is believed to affect 
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its retention behaviour and chemical effect over a large thermal gradient due to a different 
retention mechanism compared to the remainder of the functional groups because of the 
high polarity of the carbon-fluorine bond, in turn because of the highly electronegative 
nature of the fluorine atom. The fluorine group causes the latter compound to have a 
different and more variable selectivity with temperature change, irregular resolution 
changes compared to other the corticosteroids, and a greater change in retention factor 
with thermal gradients. This larger magnitude of selectivity change can be used as an 
advantage to lower the total analysis time, since it is the last eluting compound under 
standard conditions where ambient temperature is used. 
 
The present work discovered that a standard octadecylsilane column (C18) with a 
relatively high aqueous content of acetonitrile or tetrahydrofuran at elevated temperature 
provides a relatively fast analysis with no significant loss of resolution. The 
corticosteroids analysed were prednisone, prednisolone, cortisone, hydrocortisone, 
corticosterone, Reichstein’s substance and dexamethasone (refer to Figure 3-4). On the 
elevation of temperature, dexamethasone can be forced to elute earlier than other well-
retained corticosteroids, depending on the magnitude of temperature elevation; at 110 °C, 
it elutes before hydrocortisone. Due to the similar chemical structure of the 
corticosteroids studied, co-elution was observed between certain pairs, depending on the 
mobile phase composition and thermal conditions. Through the use of mass spectrometry 
as a second detection mechanism subsequent to UV detection, the co-eluting peaks could 
easily be identified through their different masses. Their selectivities could also be altered 
by varying the temperature. 
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A major advantage of using elevated temperatures in the analysis of the corticosteroids is 
overcoming the problem of co-elution, with a consequent gain in resolution for some 
pairs. At temperatures slightly above ambient, 30 °C (Figure 3-5), only six peaks are 
seen. Co-elution is observed between cortisone and hydrocortisone, due to their similar 
chemical structures and properties. When the temperature is raised to 50 °C (Figure 3-6), 
co-elution between Reichstein’s substance and dexamethasone occurs due to the greater 
selectivity change with temperature of dexamethasone, causing only five peaks to be seen 
in the chromatogram, as opposed to 30 °C. This observation confirms the selectivity 
differences of corticosteroids under different thermal conditions. 
 
Performing the analysis at even higher temperatures, commencing at 70 °C (Figure 3-7) 
the full range of compounds can be seen in the chromatograms, albeit with inadequate 
resolution of some pairs such as cortisone and hydrocortisone. The 90 °C (Figure 3-8) 
elevated temperature analysis provides a more rapid analysis with all components 
separated, with slight overlap between prednisone and prednisolone, whilst the analysis 
time is reduced from 80 minutes to 22 minutes for a temperature change between 30 °C 
and 90 °C.  
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Figure 3-5 Corticosteroids Mixture: 10% THF, Flow rate 6 µL/min, Temp 30°C 
Table 3-1 Peak assignment for Corticosteroids in Figures 3.5 to 3.8 
Peak Number Compound Identity 
1 Prednisolone 
2 Prednisone 
3 Hydrocortisone 
4 Cortisone 
5 Corticosterone 
6 Reichstein’s Substance 
7 Dexamethasone 
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Figure 3-6 Corticosteroids Mixture: 10% THF, Flow rate 6 µL/min, Temp 50°C 
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Figure 3-7 Corticosteroids Mixture: 10% THF, Flow rate 6 µL/min, Temp 70°C 
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Figure 3-8 Corticosteroids Mixture: 10% THF, Flow rate 6 µL/min, Temp 90°C 
 
The corticosteroids displayed in the chromatograms above are identified in Table 3-1, 
below and were performed using a Waters Symmetry micro column (Waters, Milford 
USA) (150 mm x 0.32 mm x 5 µm) at a wavelength of 254nm. The identification was 
performed using individual standards and/or by mass spectrometry.  
 
The variation of the selectivity factor with changing temperature can be described by 
comparing the resolutions between pairs of corticosteroids at different temperatures. The 
resolution values will depend on the retention times of the individual components at 
different elevated temperatures. The largest difference in resolution (Rs = 8.1) occurs 
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between dexamethasone and hydrocortisone which reaches a maximum at 50 °C (see 
Figure 3-9). The resolution changes were tabulated in Table 3-2. A steady decrease in 
resolution is noted as the temperature is increased, reflecting that dexamethasone is more 
susceptible to thermal gradients than the other corticosteroids in the mixture. Conversely, 
the lower resolution between early eluting components that contain similar functional 
groups and similar carbon chain lengths, exhibit a less significant change in resolution 
over a large temperature change.  
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Figure 3-9 Change in resolution with temperature for pairs of Corticosteroids 
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Table 3-2 Resolution changes between selected pairs of corticosteroids at different 
temperatures 
T 
°C 
Dexamethasone/ 
Reichstein’s Substance 
Reichstein’s 
Substance/Corticosterone 
Dexamethasone/ 
Hydrocortisone 
30 0.54 3.07 7.80 
50 0.93 2.52 8.16 
70 1.43 2.10 7.38 
90 1.50 1.60 6.17 
110 1.54 1.35 4.00 
130 1.06 0.80 2.14 
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Figure 3-10 Co-elution between Corticosteroids: 10% ACN, Flow rate 6 µL/min, 
Temp 30 °C 
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Table 3-3 Peak assignments for Corticosteroids in Figure 3-10 
Peak Numbers Compound Identity 
1 Cortisone 
2 Prednisone 
3 & 4 Prednisolone & Hydrocortisone 
5 Dexamethasone 
6 & 7 Corticosterone & Reichstein’s Substance 
 
Pairs of co-eluting compounds can be seen in the HPLC-UV trace (refer to Figure 3-10) 
and HPLC-MS, using a total ion scan in electrospray ionization (Figures 3-11) identifies 
the co-eluting peaks in all cases due to the compounds’ ease of ionization in the 
electrospray probe. Instead of THF, actetonitrile and water was used as the mobile phase 
in this case, due to acetonitrile providing better ionization in the mass spectrometer  
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Figure 3-11 Mass Spectral Analysis of Co-elution between Prednisolone and 
Hydrocortisone: Full positive ion scan of mass range 200-400m/z 
 
The peak at 23 minutes in Figure 3-10 contains both prednisolone and hydrocortisone, 
which have co-eluted. The total ion chromatogram (TIC) is shown in Figure 3-11 on the 
top left. The spectra on the left in Figure 3-11 are total ion chromatograms of the injected 
sample. A total ion chromatogram takes into account all ions entering the electrospray 
probe. These include the desired sample ions and those present in the mobile phase. The 
peaks in a total ion chromatogram can be combined to provide the mass of the signal, 
which are shown on the right. Using selected ion monitoring (SIM) for the masses of the 
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two compounds, masses of 361 and 363 m/z, corresponding to both prednisolone and 
hydrocortisone respectively, where obtained for the single peak, as shown in the top right, 
confirming the co-elution. This analysis was performed at 30 °C. 
 
When performing the analysis at 70 °C, the prednisolone and hydrocortisone are 
completely resolved, as shown in the TIC on the bottom left. The two TIC traces are 
vertically aligned to show the resolution between the two compounds at the different 
temperatures. Here, SIM was performed on a mass of 363 m/z. Note that the peak 
intensities are lower in the bottom trace due to the resolution of the two compounds.  
 
 
3.4. Van’t Hoff plots for elevated temperature interactions 
Van’t Hoff plots are commonly used in HPLC as a graphical way of explaining the 
thermodynamic transfer of a solute from the mobile phase to the stationary phase. They 
relate the retention factor to temperature through enthalpy (which is given the term ∆H0) 
and the corresponding entropy (∆S0) of the transfer of the solute between the stationary 
and mobile phases. The enthalpy term is mainly used to describe the effect of temperature 
on retention. The Van’t Hoff equation (see Equation 1-5) is used to plot the graph of ln k 
(retention factor) versus 1/T (in Kelvin). The resulting slope of the graph provides the 
enthalpy of the reaction of the solute between the mobile phase and stationary phase, 
which is negative. A large enthalpy indicates that a solute is affected to a greater extent 
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by temperature change, whereas a low enthalpy indicates a less significant retention 
response to thermal gradients. The retention factor always decreases as the temperature is 
increased, giving the negative enthalpy of the transfer.  
 
Van’t Hoff plots normally produce a straight line (Figure 3-12), indicating a constant 
enthalpy change with temperature. However, in some cases, Van’t Hoff plots can be non-
linear (Figure 3-13) which is attributed to a change in enthalpy of the transfer over a 
thermal gradient. Non-linear Van’t Hoff plots can also be attributed to changes of the 
phase ratio due to temperature and not just solely the enthalpy of the transfer. This can be 
explained as follows: it is assumed that the volumes of the stationary phase and mobile 
phase will both change over a thermal gradient. The volume of the stationary phase could 
change due to it being solute-dependent and due to steric limitations on diffusivity of the 
analyte into the stationary phase pores. With the analysis of corticosteroids, non-linear 
Van’t Hoff plots were observed over a large temperature range and the slope of the 
interaction of dexamethasone (Figure 3-13) was greater than that of the other 
corticosteroids. The analyses in Figures 3-12 and 3-13 were undertaken at different 
thermal gradients, with that of Figure 3-13 being larger and showing a curved Van’t Hoff 
plot. The equations for both linear and non-linear Van’t Hoff plots can be found in 
Chapter 1 (Equations 1-5 and 1-6, respectively). 
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Figure 3-12 Linear Van’t Hoff plot for mixture of Corticosteroids 
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Figure 3-13 Curved Van’t Hoff plot for mixture of Corticosteroids 
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3.5. Selectivity changes due to elevated temperatures 
As well as the reduction in analysis time, selectivity at elevated temperatures can be 
altered, depending on the compounds, the types of functional groups that are present, or 
due to the temperature selectivity of retention being different for neighbouring peaks. 
Selectivity changes due to thermal gradients are caused by either changes in enthalpy 
∆H0 or entropy ∆S0. The entropy is usually affected by shape related and conformational 
changes of the stationary phase. 
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Figure 3-14 Selectivity changes of Corticosteroids due to temperature changes: 20% 
ACN, Flow rate 6 µL/min, Temp 30 °C  
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Figure 3-15 Selectivity changes of Corticosteroids due to temperature changes: 20% 
ACN, Flow rate 6 µL/min, Temp 70 °C 
 
 
The column and detector descriptions are as explained previously. 
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Table 3-4 Peak assignment for Corticosteroids in Figures 3.14 and 3.15 
Peak Number Compound Identity 
 
1 Prednisolone 
 
2 Prednisone 
 
3 Hydrocortisone 
4 
Cortisone 
 
5 Reichstein’s Substance 
 
6 Corticosterone 
 
7 Dexamethasone 
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Figure 3-16 Graphical description of selectivity changes for Corticosteroids 
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Figure 3-16 describes the selectivity changes of compounds under different thermal 
conditions. The complete range of seven corticosteroids is present in the sample, however 
only four peaks are observed at room temperature. The change in selectivity when raising 
the temperature completely resolves the corticosterone and Reichstein’s substance. The 
peak for prednisolone is also shifted slightly.  
 
The total peak area, integrated in arbitrary units, of corticosterone and Reichstein’s 
substance for the peak at 48 mins in Figure 3-14 is 1,397,236, which is a sum of the 
individual areas of the two corticosteroids. In Figure 3-15, where the two corticosteroids 
are separated, the individual area of corticosterone and Reichstein’s substance were found 
to be 682,595 and 595,494, respectively. The theoretical sum of these areas is 1,278,087, 
which is close to the experimental value obtained for the overlapping peak in Figure 3.14. 
 
The peak heights of the corticosteroids mentioned above do not add to the total of the 
peak at 48 mins in Figure 3-14 where co-elution occurs. The co-eluted corticosteroids 
have a total peak height of 816,825, where as the individual peak heights for 
corticosterone and Reichstein’s substance are 696,528 and 580,756, respectively. The 
discrepancy in the sum of the peaks is due to the compounds eluting earlier, therefore 
having a higher intensity. 
The selectivity changes over a large thermal range are described graphically in Figure 3-
16, showing the changes of different corticosteroids. 
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Figure 3-17 Differences in Retention times between pairs of Corticosteroids at 
different temperatures. 
 
Figure 3-17 further describes the irregular retention behaviour of selected pairs of 
corticosteroids while the temperature is varied. As should be expected, as the temperature 
is increased, the differences in retention times between selected pairs will decrease. 
However, the magnitude of change between selected pairs varies to a different degree 
depending on the compounds. This phenomenon is more prevalent in relation to 
dexamethasone and hydrocortisone which exhibit a 40 min difference in their retention 
time between a temperature gradient between 30 °C and 90 °C, compared to a change of 
only 17 min between corticosterone and hydrocortisone over the same temperature range.  
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Figure 3-18 Changes in Resolution between pairs of Corticosteroids at different 
temperatures.  
Another advantage of analysing the corticosteroids at elevated temperatures can be seen 
in Figure 3-18. At both ambient temperatures and elevated temperatures, the resolution 
between the pairs of later eluting compounds is adequate under both conditions, however 
the analysis time is reduced by nearly one hour at a temperature of 90 °C. Resolution is 
inadequate and co-elution is observed when analysing the compounds at lower 
temperatures, as it can be seen in Figure 3-18. However, at 90 °C resolution is improved 
as well as the reduction in analysis time. Analyses were performed in 20& CAN at a flow 
rate of 6µl/min 
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3.6. Summary 
The results in this chapter show that the use of elevated temperatures in liquid 
chromatography is a viable method for reducing analysis times and gaining sensitivity in 
a micro HPLC separation. With the advent of narrow bore HPLC columns, the axial 
distance across the column packing is up to 15 times smaller than in conventional HPLC 
columns. This allows for rapid thermal equilibration times when temperatures are altered 
from ambient levels to elevated levels, providing thorough sample throughput.  
 
A range of compounds can be analysed at elevated temperatures with advantages of 
reduced analysis times and in some cases improved resolution. Temperature can also be 
used as a variable to alter selectivity and other chromatographic factors. However, the 
range of compounds that can be analysed under such conditions is limited to those that 
are stable at high temperatures. In this study, selected phenols and corticosteroids were 
successfully separated at a reduced analysis time, with no sample degradation. In some 
cases, resolution was improved for selected pairs of compounds.  
 
The irregular retention behaviour of dexamethasone compared to the other corticosteroids 
over wide thermal gradients is shown in the van Hoff plots, which provide a thermal 
explanation of the transfer enthalpy of dexamethasone between the mobile phase and 
stationary phase. This is shown by the steeper gradient of the slope from the plot 
compared to that of the other corticosteroids.  
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Selectivity changes were also very pronounced in the corticosteroids studied. It was 
found that analysing these compounds under ambient conditions showed severe co-
elution between the earlier eluting compounds. Using an elevated temperature 
manipulated the selectivity changes to resolve and decrease the total analysis time due to 
the larger magnitude of retention time decrease of dexamethasone.  
Under the conditions chosen, the early eluting peaks cannot be adequately resolved, so a 
new strategy is required using different types of eluent and/or temperature conditions.
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Chapter 4 Temperature programming and water eluents in 
HPLC 
4.1. Introduction 
This chapter will describe the use and advantages of using temperature programming in 
HPLC, which is a technique more commonly used and familiar to users of GC. 
Temperature programming has been neglected in HPLC due to the comparatively wider 
inner diameter of the columns compared to GC columns; the thermal equilibration times 
within the column walls and across the stationary phase packing would pose a problem 
for efficiency of the HPLC system, due to peak broadening (see Section 1.7) and the issue 
of thermal mismatch broadening would also be a negative factor. Since the advent of 
micro HPLC columns (0.32 µm i.d), isothermal elevated temperatures have gained an 
increased interest, along with temperature programming capabilities. The ability to 
operate the system at a super-ambient temperature also allows for the use of a pure water 
mobile phase with FID detection (see Section 4.7). A single solvent gradient elution 
method is commonly available to HPLC users and is the equivalent of temperature 
programming in GC. Therefore, HPLC users already have an appropriate method for the 
analysis of compounds with wide ranging K values. Temperature can be described and as 
a second dimension to gradient elution. 
 
 
Chapter 4: Temperature Programming and Water Eluents in HPLC 
 
 
 
108 
4.2. Temperature programming studies in HPLC 
Temperature programming in HPLC was used in this work as an alternative to, or in 
combination with, gradient elution. The most common way of altering relative retention 
of compounds in a HPLC column has been through gradient elution. However, with the 
advent of micro scale HPLC, temperature programming was found to offer the same 
general advantages as gradient elution, as well as providing a more environmentally 
friendly method in HPLC by using lower proportions of toxic and flammable solvents. It 
also provides greater enhancement in selectivity which is in most cases less influenced by 
a solvent change than it is by a thermal change, however this is solute dependent. For 
example, different steric configurations and functional groups have a different response 
towards thermal changes. 
 
Temperature programming is more efficient when narrow bore inner diameter columns 
(≤0.32 µm) are used due to their lower heat capacity compared to conventional sized 4.6 
mm inner diameter columns. Micro scale HPLC offers a more rapid thermal equilibration 
time within the column, offering the advantage of using faster temperature ramp rates (in 
°C/min) and a much more accurate designated temperature within the column stationary 
phase. The speed of the ramp rate needs to be chosen with respect to the column diameter 
and mobile phase flow rate, as a non-uniform temperature across the stationary phase will 
lead to thermal mismatch broadening, peak broadening, a lower efficiency and 
asymmetrical peak shapes due to inhomogeneous distribution coefficient values across 
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the column. The narrow diameter of micro columns makes it more effective to obtain a 
uniform temperature across the stationary phase particles. 
 
Since selectivity changes that are brought about by solvent changes or by thermal 
changes are independent of each other, they can be described as being orthogonal to each 
other due to their different effects on the separation selectivity.  
 
The optimal temperature program in terms of method development for a particular 
analysis in this study was decided by performing an initial isocratic and isothermal 
analysis. The retention times and resolution is studied and a “soft” program is performed, 
where the temperature is ramped at a slow rate over time. The rate of the temperature rise 
is then increased incrementally until adequate resolution is maintained and the analysis 
time is reduced to a satisfactory level. The ramp depends on the complexity of the sample 
and the overall total analysis time when performing the analysis at isocratic and 
isothermal conditions. The selectivity differences of the compounds towards temperature 
will also play a role in the extent of reduction in analysis time, to avoid co-elution. A 
shorter analysis under general conditions will not necessarily require a very rapid 
temperature ramp rate.  
 
In this study, a number of different experiments were performed with temperature 
programming that included different ramp rates for the temperature program, the use of 
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positive and negative temperature increments, different temperature ranges, gradient 
elution and the incorporation of both temperature and mobile phase composition as 
variable parameters. The use of a pure water eluent with flame ionization detection was 
also tested. In all studies the column temperature was controlled by using a standalone 
programmable Shimadzu GC oven, with the column suspended and secured via a steel 
brace in the centre of the fan-forced oven. The set column temperature was allowed a 10 
minute equilibration time after the temperature was altered for all studies. When cooling 
the oven back to ambient temperature, the door was opened initially for 5 minutes and 
then a 20 minute equilibration was performed with the door closed at the new set 
temperature for establishing accurate thermal conditions; this was required since cooling 
the column took a considerably longer time than heating it. 
 
4.3. Relationship between temperature and eluent composition 
changes 
Studies have been performed to discover an accurate relationship with respect to 
retention, temperature changes in the column and changes of the mobile phase 
composition. It has been reported that a 1% change in acetonitrile composition is 
equivalent to a 5 °C change in temperature (Chen and Horvath 1997). Therefore, it can be 
described as:  
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CTempACN °∆=∆ 5%  
Equation 4-1 Equivalency of changes in eluent composition and temperature for an 
Acetonitrile/Water mobile phase 
The relationship for methanol and temperature has been found to be similar at 4 °C being 
equivalent to a 1% methanol concentration change.  
0 10 20
0
500000
1000000
1500000
2000000
2500000
3000000
Re
sp
on
se
Time (min)
0 5 10 15 20 25
0
600000
1200000
1800000
2400000
3000000
Re
sp
on
se
Time (min)
0 5 10 15 20
0
500000
1000000
1500000
2000000
2500000
3000000
3500000
Re
sp
on
se
Time (min)
1 2
3
4
1 2
3
4
1 2
3
4
A
B
C
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
Re
sp
on
se
 
Figure 4-1 Relationship between temperature and eluent composition changes – 
conditions tabulated in Table 4.1 (Flow rates 6 µL/min): Symmetry C18 column 
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Table 4-1 Chromatographic conditions for Figure 4.1 
Chromatogram Eluent gradient Temperature gradient 
A 50% ACN isocratic 30 °C isothermal 
B 50% to 40% ACN (20 min) 30 °C to 80 °C (20 min) 
C 50% to 30% ACN (20 min) 30 °C to 130 °C (20 min) 
 
Table 4-2 Peak assignments for PAHs in Figure 4.1 
Peak Number Peak Assignment 
1 Naphthalene 
2 Acenaphthene 
3 Phenanthrene 
4 Anthracene 
Note: Uracil was used as an unretained solute in the study above. 
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Table 4-3 Retention factors (k) for PAHs in Figure 4.1 
Chromatogram Naphthalene Acenaphthene Phenanthrene Anthracene 
A 3.62 4.26 5.08 5.74 
B 3.62 4.25 5.06 5.73 
C 3.29 3.80 4.47 5.01 
 
Figures 4-1 (Chromatograms A, B and C) describes this relationship for a mixture of four 
polyaromatic hydrocarbons (PAHs): naphthalene, acenaphthene, phenanthrene and 
anthracene. Chromatogram A was generated by using isocratic and isothermal conditions 
with the eluent composition set at 50% acetonitrile, and the temperature set at 30 °C. 
Using the formula above, it is expected that if a negative eluent program comprising of a 
10% greater aqueous eluent composition is used over a time period of 20 mins, a 50 °C 
temperature increase will need to be used over that same period of time to obtain an 
identical chromatogram to the initial result of chromatogram A. This is true for mild 
elevated thermal conditions. For instance, in Table 4-3, the retention factors for 
chromatograms A and B are effectively the same. However, it was discovered that when 
the temperature is approaching super ambient (>100 °C), the relationship does not hold as 
accurately and the temperature appears to be the dominating factor for retention in the 
relationship at or above 80 °C. As can be seen in Figure 4-1, the chromatograms A and B 
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are essentially identical. Chromatogram B is generated by changing the mobile phase 
composition from 50% acetonitrile to 40% acetonitrile over a time period of 20 min, 
while increasing the temperature by 50 °C over the same time period, in accordance with 
Equation 4-1. However, when the temperature program reaches conditions above 100 °C 
(Chromatogram C in Figure 4-1), the retention times deviate from the relationship in the 
equation, whereby temperature now appears to be the more dominant parameter affecting 
retention times of eluting compounds. In Figure 4-1, Equation 4-1 applies for 
temperatures up to 80 °C but then appears to deviate. Phenanthrene elutes at an identical 
time when isothermal conditions are used to those of combining temperature 
programming with negative gradient elution over a smaller temperature program and 
gradient elution. At 17 mins, the temperature is 80 °C in the chromatogram B, whereas 
the temperature according to the program in the third chromatogram is 115 °C at 17 mins. 
Under the different gradient conditions used for the mobile phase, the retention time is 
expected to be identical. However, in chromatogram C, anthracene elutes at the same 
time as phenanthrene in chromatogram B. 
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Table 4-4 Temperature and eluent composition conditions at time of elution of 
PAHs in Figure 4.1 
 Chromatogram A Chromatogram B Chromatogram C 
Compound Time °C %ACN Time °C %ACN Time °C %ACN 
Naphthalene 13.23 30 50 13.09 62.9 43.4 12.21 91.0 37.8 
Acenaphthene 15.06 30 50 14.88 67.1 42.6 13.64 97.2 36.4 
Phenanthrene 17.40 30 50 17.16 73.0 41.4 15.54 107.6 34.6 
Anthracene 19.28 30 50 19.06 77.6 40.8 17.08 115.6 32.9 
Table Legend: Time = retention time of solute; °C = temperature at time of solute elution; 
%ACN = eluent composition at time of solute elution. 
 
The values listed in Table 4-4 can be used to determine a more accurate relationship 
between temperature changes and mobile phase changes. In chromatogram B, the elution 
temperature of anthracene was calculated to be 77.6 °C. The elution temperature can be 
defined as the temperature, according to the set temperature program, at which a 
compound eluted by using its retention time. The timeframe between the elution of the 
four PAHs was 5.97 min and during this period, the eluent composition change was 2.6% 
towards a more aqueous composition. In chromatogram C, anthracene eluted at 115.6 °C 
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and the eluent composition change was 4.9%. These temperatures (and those of the other 
PAHs in Table 4-4) were obtained by calculating the temperature and eluent composition 
at intervals of one minute throughout the analysis based on the specified temperature 
program and gradient that was used. Then by using the retention time of the solute, an 
accurate eluent composition and temperature can be calculated for the solute. 
 
Using the temperature and eluent composition variables, Equation 4-1 can be adjusted for 
this class of compounds and may also be adjusted for different thermal gradients. From 
the data in Table 4-4, the following equations can be proposed. Since a 2.6% decrease in 
eluent strength corresponded with a 14.7 °C increase in temperature up to 77.6 °C, it can 
be stated that: 
CTempACN °∆=∆ 65.5%  
Equation 4-2 Relationship between temperature and eluent composition at a 
temperature of 77 °C 
 Similarly, up to 115.6 °C, a 4.86% decrease in eluent strength corresponded with a 24.6 
°C increase in temperature: 
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CTempACN °∆=∆ 05.5%  
Equation 4-3 Relationship between temperature and eluent composition at a 
temperature of 115 °C 
 
The retention factor (k) values in Table 4-3 prove the theory behind the relationship 
between temperature and mobile phase composition. The k values for each of PAHs in 
both chromatograms A and B are equal, whereas a reduction in k is noted in 
chromatogram C. The identical elution time of phenanthrene and anthracene of 17 min in 
chromatograms B and C, proving the temperature and mobile phase composition 
relationship does not apply for temperatures greater than 80 °C, can be seen by their 
equal k values of 5, under the different thermal conditions. 
Table 4-5 Resolution calculations for pairs of PAHs in Figure 4.1 
Chromatogram Naphthalene/ 
Acenapthene 
Acenapthene/ 
Phenanthrene 
Phenanthrene/ 
Anthracene 
A 3.89 4.68 3.35 
B 3.97 4.56 3.45 
C 3.80 4.47 3.27 
 
Chapter 4: Temperature Programming and Water Eluents in HPLC 
 
 
 
118 
The resolution calculations between the three neighbouring pairs of PAHs do not deviate 
significantly, indicating a uniform decrease in retention time in chromatogram C and no 
significant selectivity changes of the PAHs with temperature. 
 
This phenomenon can also be seen in Figures 4-2 and 4-3 with the same mixture of 
naphthalene, acenaphthene, anthracene and phenanthrene. A slight decrease in the elution 
time is noted as the temperature is increased, while the eluent is made more aqueous, in 
proportion with the expected relationship. The shift in the retention times of the PAHs at 
elevated temperatures is more pronounced as the temperature is higher. Under these 
thermal conditions, the eluent strength is weaker, signifying temperature being the more 
dominant parameter that controls the retention of the compounds. In these analyses, the 
same procedure of using a negative gradient elution profile along with an increasing 
temperature program was used over a smaller change in both eluent composition and 
temperature program.  
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Figure 4-2 Relationship between temperature and eluent composition at different 
thermal intervals; 
Solvent and temperature conditions as per Table 4.6; others as per Figure 4-1 
Table 4-6 Chromatographic conditions for Figure 4.2 
Chromatogram Eluent gradient Temperature gradient 
Brown 50% ACN isocratic 30 °C isothermal 
Green 50% to 45% ACN (25min) 30 °C to 55 °C (25min) 
Purple 45% to 40% ACN (25min) 55 °C to 80 °C (25min) 
Aqua 40% to 35% ACN (25min) 80 °C to 105 °C (25min) 
Blue 35% to 30% ACN (25min) 105 °C to 130 °C (25min) 
15 20 
0 
500000 
1000000 
1500000 
2000000 
2500000 
Response 
Time (min) 
50% ACN at 30'C   
50% to 45% ACN (30'C to 55'C) 
45% to 40% ACN (55'C to 80'C) 
40% to 35% ACN (80'C to 105'C) 
35% to 30% ACN (105'C to 130'C) 
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The elution order is naphthalene, acenaphthene, phenanthrene and anthracene, 
respectively. 
 
If Equation 4-1 holds to be strictly true, the elution profile of the PAHs in Figure 4-2 
should be identical under the different thermal conditions. Under the conditions used, a 
gradual drop of 5% organic content in the mobile phase combined with a simultaneous 
increase of 25 °C, it is observed that there is a steady decrease in retention times.  
 
At 17 mins, phenanthrene and anthracene co-elute due to the differences between the 
temperature and mobile phase composition. The conditions at which anthracene elutes are 
123 °C and 32% acetonitrile whereas the conditions at the point of elution of 
phenanthrene are 30 °C and 50% acetonitrile. According to Equation 4-1, these two 
points should give identical retention times for phenanthrene and anthracene, however in 
this instance, anthracene elutes relatively earlier.  
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Figure 4-3 Relationship between temperature and eluent composition at wide 
thermal ranges; 
Solvent and temperature conditions as per Table 4.7; others as per Figure 4-1 
Table 4-7 Chromatographic conditions for Figure 4.3 
Chromatogram Eluent gradient Temperature gradient 
Black 50% ACN isocratic 30 °C isothermal 
Red 50% to 40% ACN (25min) 30 °C to 80 °C (2 °C/min) 
Green 50% to 30% ACN (25min) 30 °C to 130 °C (4 °C/min) 
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Figure 4-3 shows the deviation in the relationship as the temperature is raised and that a 
weaker organic content in the mobile phase at a higher analysis temperature provides a 
stronger elution environment. This leads to the advantage of using pure water or a weaker 
eluent at higher temperatures (refer to sections 1.10 and 4.7). The correspondence of the 
two overlapping traces (50% and 50% to 40% ACN) is extremely good, confirming that it 
is possible to obtain almost the same elution strength of the system, for example, using a 
lesser gradient with a higher temperature ramp, for these two cases. 
 
The reason for temperature being more dominant in affecting the retention time than 
mobile phase composition at very high temperatures is possibly due to the eluent 
viscosity being significantly lower at temperatures above 100 °C. It is established that 
eluent polarity and viscosity decreases as the temperature is raised but this polarity 
decrease could be even more pronounced at higher temperature; that is the polarity 
decrease could follow a logarithmic, non-linear pattern. Although the relationship devised 
by Chen and Horvath (Chen and Horvath 1997) might be accurate to a certain degree, an 
increase in the magnitude of the lowering of the eluent viscosity at elevated temperatures 
proves to also be an important parameter in determining retention and total analysis 
times, and clearly requires further studies.  
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4.4. Temperature programming for the analysis of Phenols 
Temperature programming was performed on a commercial mixture of 17 phenols 
(Figure 4-4 and Figure 4-5). The resulting analysis time was reduced by one hour through 
manipulating the temperature program while using an isocratic eluent composition of 
30% acetonitrile in water. The influence of temperature on selectivity can also be noted 
where the resolution between pairs of the eluted compounds altered slightly at different 
thermal conditions. The phenol mix was chosen as a test mixture due to the abundance of 
closely eluting compounds in the earlier regions of the chromatogram and the better 
resolved, larger, later eluting phenols when performing the separation at ambient 
conditions. Performing the analysis at an elevated isothermal temperature will sacrifice 
resolution for earlier eluting compounds while simultaneously decreasing the analysis 
time without significant resolution loss for later peaks. Temperature programming 
(Figure 4-5) can maintain the resolution of earlier eluting peaks while offering the same 
advantages of elevated isothermal conditions for later eluting peaks. The column and 
detector descriptions are as mentioned in previous analyses. 
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Figure 4-4 Isothermal analysis of Phenol mixture: 30% ACN, Flow rate 6 µL/min, 
Temp 30 °C 
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Figure 4-5 Temperature programming, Phenol Mix: 30 °C to 90 °C at 3 °C/min, 
Mobile phase: 30% ACN: Flow rate 6 µL/min 
 
Altering the eluent composition or temperature program in a linear fashion performs the 
most basic form of gradient elution and temperature programming. However, the ramp 
rate can also be altered in a stepwise fashion. For instance, this might be where the 
temperature is held constant for a part of the analysis time and then ramped more rapidly 
to the final conditions. Also, the temperature could be ramped up at a specified rate, 
which could then be changed to increase at a higher rate during a selected analysis time to 
achieve a more rapid analysis for later eluting compounds. For example, an initial 
temperature of 30 °C could be used for five minutes followed by an increase of 1 °C/min 
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for 10 minutes, followed by a 2 °C/min increase for the remainder of the analysis. This 
method is useful when a complicated sample is being analysed that has a longer analysis 
time when performing a standard gradient elution or when using isocratic or isothermal 
conditions. When combined with eluent gradient changes (either increasing or decreasing 
solvent strength), it is clear that a new paradigm exists for complex strategies to address 
optimum temperature and solvent gradients for mixture analysis. 
 
 
4.5. Temperature programming analysis of tea and coffee 
The analysis of coffee (Figure 4-7) and tea (Figures 4-8 and 4.9) in HPLC presents a 
challenge in HPLC due to the complexity of the sample and the wide range of chemical 
classes that are present in the beverages. Similar compounds are found in both beverages, 
which are found over a variety of classes. The main constituents in coffee are caffeine, 
chlorogenic acid, trigonelline and other compound classes such as organic acids, 
aldehydes, ketones, esters, amines, and mercaptans. The main constituents of tea are 
caffeine (at a lower concentration than coffee), theophylline, theobromine, theanine, 
catechin (EC), epicatechin gallate (ECg), epigallocatechin (EGC), epigallocatechin 
gallate (EGCg), flavanoids, polyphenols and tannins. Many of the individual components 
have been the subject of individual HPLC analysis, or in small numbers of components. 
Therefore, they are amenable to separation by HPLC, however the complexity of these 
matrices will test most conventional HPLC methods. 
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In order to achieve reasonable separation, micro HPLC analyses of tea and coffee on a 
C18 column has been found to take nearly two hours to obtain adequate resolution of all 
components in this study. However, some serious overlap of the components still arises. 
The chemical molecular weight identification of the components was achieved by 
electrospray ionization mass spectrometry due to the simple soft ionization of the 
constituents of the sample (see Figures 4-10 (tea) and 4-11 (coffee)), which largely 
provide pseudo-molecular ions. The mass spectra were acquired via direct injection into 
the probe through a syringe pump with an acquisition time of 2 minutes over a mass 
range of 50 to 400 m/z for tea and 50 to 900 m/z for coffee. Caffeine can be seen in these 
direct injections as an intense ion at m/z 195. Identification by an LC-MS total ion scan 
of these samples (Figure 4-6), proved to be problematic due to the large number of 
components present in the sample and due to their low abundance. Only caffeine was 
clearly recognised in the total ion scan, which appears as a large peak at approximately 
20 mins. 
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Figure 4-6 LC-MS totals ion scan analysis of Tea:  
 
Table 4-8 Gradient Conditions for Figure 4.6 
Time (min) %A %B 
0 5 95 
10 5 95 
20 15 85 
30 30 70 
60 60 40 
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• Mobile Phase: A = Acetonitrile; B = TFA (1%) and Water 
• Flow Rate: 4 µL/min 
• Temperature Program: 30 °C to 80 °C at 1 °C/min 
• Column: Symmetry C18 (150mm x 0.32mm x 5µm) 
 
Since a typical analysis involving gradient elution can exceed one hour in length if more 
adequate resolution is required between all of the constituents, temperature can be used as 
another parameter to shorten the analysis time and improve resolution to a small extent. 
Temperature programming was attempted on both a tea and coffee sample and a decrease 
in the analysis time was noted without any significant loss in resolution for the major 
components. Most of the components in tea and coffee are present at low concentrations; 
therefore a shorter analysis time was desired to get improved sensitivity for the low level 
components that would exhibit peak broadening if they elute later in the analysis. Some 
compounds which were obscured in the baseline in the latter part of the analysis were 
clearly visible when temperature programming was performed. 
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Figure 4-7 Temperature program and gradient elution analysis of Coffee: 30 °C to 
80 °C at 2 °C/min. Gradient conditions listed in Table 4-9 
 
For the analysis of tea, a comparison can be made between a gradient elution analysis and 
a temperature programmed one. 
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Figure 4-8 Gradient elution analysis of Tea 
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Figure 4-9 Temperature programmed analysis of Tea: 30 °C to 80 °C at 2 °C/min 
(gradient conditions as listed in Table 4.9) 
Table 4-9 Gradient Conditions for Figures 4.7 to 4.9 
Time (min) %A %B 
0 5 95 
10 5 95 
20 10 90 
30 20 80 
70 65 35 
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• Mobile Phase: A = Acetonitrile; B = TFA (1%) and Water 
• Flow Rate: 4 µL/min 
• Temperature Program: 30 °C to 80 °C at 1 °C/min 
• Column: Symmetry C18 (150mm x 0.32mm x 5µm) 
 
In the chromatograms above, the scaling of the vertical axis has been altered to display 
the compounds which are present in the tea and coffee samples in a lower abundance. 
Caffeine can be seen in Figures 4-7 to 4-9 as the intense peak located at approximately 20 
mins on each analysis. In Figure 4-9, along with gradient elution, the conditions of which 
are shown in Table 4-9, temperature programming was also used in the analysis to further 
reduce the total analysis time, without significant loss in resolution. Due to the 
complexity of the samples and limited instrumentation, it was difficult to indentify the 
other components. 
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Figure 4-10 Mass spectrum of tea sample, Full positive ion scan of mass range 50-
400m/z via direct injection into the probe 
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Figure 4-11 Mass spectrum of coffee sample, Full positive ion scan of mass range 50-
900m/z via direct injection into the probe 
 
 
 
4.6. Temperature programming analysis of Corticosteroids 
Temperature programming and mass spectrometry were used as a means of finding a 
suitable HPLC method for the analysis of corticosteroids. Mass spectrometry was needed 
in this study due to the co-elution that some of the corticosteroids exhibit. The following 
table displays the compounds and their corresponding masses. 
e 
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A suitable temperature program was found for the analysis of corticosteroids in the 
figures above. Obtaining adequate resolution for the analysis of the seven corticosteroids 
was a problematic task due to the chemical similarities of the compounds and closely 
eluting pairs of compounds. As discussed previously, when analysed at different 
isothermal temperatures, co-elution was observed due to variances of selectivity with 
temperature. Performing a temperature program eliminates this problem to a certain 
extent. Better resolution was obtained when THF was used as the mobile phase, instead 
of acetonitrile. However, the degree of ionization in the electrospray analysis is 
suppressed when using THF as the mobile phase. The acetonitrile/water mobile phase 
gave a greater peak intensity in the total ion scan. 
 
Table 4-10 Molecular masses of Corticosteroids analysed 
Peak Number Corticosteroid Mass 
6 Corticosterone 347 
7 Reichstein’s Substance 347 
1 Prednisone 359 
2 Prednisolone 361 
3 Cortisone 361 
4 Hydrocortisone 363 
5 Dexamethasone 393 
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Figure 4-12 Temperature programming analysis of Corticosteroids - 10% THF, 
Flow rate 6 µL/min, Temperature program 90 °C to 160 °C at 6 °C/min 
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Figure 4-13 Total ion scan LC-MS of temperature programmed analysis in Figure 
4-12, other conditions as in Figure 4-12 
 
 
4.7. Relationships between temperature programming and 
chromatographic parameters 
The relationship between temperature programming and retention were found to mostly 
follow a logarithmic decrease in retention time as the temperature is increased. Figure 4-
14 relates the elution temperature of a selected combination of the phenols under 
temperature programmed conditions against standard isothermal elution temperature of 
the same compounds. The conditions are the same as those in Figures 4-4 and 4-5. 
A linear increase is noted between the retention time of a temperature programmed run 
and the elution temperature (Figure 4-14). This relationship can be used as a model for 
predicting the elution time of similar class compounds at specific temperatures for a 
compound class by using the equation of the slope of the line from the plot. 
The change in retention time between an isothermal and temperature programmed 
analysis in relation to the temperature at the compound’s retention time (Figure 4-15) 
increases according to an exponential function as the temperature is increased. Other 
exponential functions that were observed were the retention times of an isothermal run 
verses those of a temperature programmed run (Figure 4-16) and the peak height ratio 
between the isothermal analysis and temperature programmed analysis verses the elution 
temperature in the temperature programmed analysis (Figure 4-17). The exponential 
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equations generated from the curves can be used to predict retention behaviour with 
respect to changes in thermal conditions for that particular class of compounds which can 
assist in further method development. 
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Figure 4-14 Elution temperature vs Retention Time for selected phenols 
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Figure 4-15 Change in retention time between isothermal and temperature 
programmed conditions vs temperature for selected phenols 
(Conditions as for Figure 4-4) 
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Figure 4-16 Isothermal retention time vs temperature programmed retention for 
selected phenols 
(Conditions as for Figure 4-5) 
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Figure 4-17 Peak height ratio between isothermal and temperature programmed 
analyses vs temperature for selected phenols 
 
Figures 4-14 to 4-16 can assist the user in method development to obtain a reduction in 
the analysis time. The total analysis time can be predicted at a given temperature by the 
equation of the plot. Therefore, the analyst can decide on the analysis time desired and 
the required temperature can be calculated from the plot. For example, if a 20 minute 
decrease in analysis time is required, a temperature of approximately 120 °C will be 
required. This is shown in Figure 4-15 as a small, red circle at the intercept. 
 
Chapter 4: Temperature Programming and Water Eluents in HPLC 
 
 
 
143 
4.8. Use of water eluent, including FID in HPLC 
The use of an aqueous neat water eluent in HPLC can accommodate for the use of FID 
detection, since FID does not show any significant response to water. Depending on the 
system configuration, the flow rate of the gases was needed to be adjusted to optimum 
value and the distance of the capillary from the tip of the detector was adjusted for 
optimum response and to prevent the flame from being extinguished. The optimum flows 
of air and hydrogen for the configuration used were found to be 35mL/min and 
30mL/min, respectively. This gave optimum sensitivity, less noise in the baseline and 
allowed for the flame not to be saturated with water. The optimization component of this 
study was performed by injecting a series of 1% acetone solutions while monitoring the 
peak shape and sensitivity and adjusting the flow rate of the air and hydrogen, along with 
the distance between the capillary and the tip of the detector until maximum sensitivity 
and best peak shape was obtained. It was found that a distance of 3 cm from the tip of the 
detector gave adequate sensitivity, best peak shape and kept the flame lit. When the flame 
was exposed to too much water from the eluent it was either extinguished or the signal 
exhibited a lower signal/noise ratio in the baseline.  
Due to lack of adequate equipment, the experiment was not carried out any further, due to 
giving very broad peaks. 
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4.9. Summary 
Temperature programming in micro HPLC became widely used with the advent of micro 
HPLC. Prior to this, the technique was commonly used by GC users due to the narrow 
bore columns in GC and the suitability of GC to a temperature programmed analysis. 
When narrow bore columns were introduced in HPLC and became more widely used in 
the 1980s, temperature programming became a viable technique in HPLC along with the 
traditional method of gradient elution for routine analysis.  
 
As temperature programming became more common in micro HPLC, studies were under 
way to determine an accurate relationship between mobile phase composition and 
temperature gradient with respect to retention time. An estimate was established that a 
1% change in acetonitrile concentration will require a 5 °C change in retention 
temperature to obtain an identical retention time. This relationship, however, varies over 
wide temperature gradients. An attempt was made in our work to obtain a more accurate 
relationship. This was achieved by performing separations using different changes in 
mobile phase composition and difference ramp rates for the temperature program. The 
exact mobile phase composition and temperature were calculated at the elution time of 
the solutes (in this case PAHs). The changes in the three parameters were then used to 
calculate the relationship between temperature and mobile phase composition. It was 
found that temperature is the more dominant parameter in affecting retention times than 
the mobile phase composition at higher temperatures.  
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Temperature programming was applied to the analysis of phenols, corticosteroids, tea and 
coffee. Tea and coffee were chosen due to the complexity of the samples and their long 
analysis times when analysed under normal conditions. For phenols, a retention time 
decrease of one hour was noted when a temperature program of 30 °C to 90 °C at 3 
°C/min was applied. Temperature programming was used to an advantage in the analysis 
of corticosteroids due to the irregular retention behaviour of dexamethasone. This 
enabled a shorter analysis time to be achieved. 
 
From the resulting chromatograms, plots can be drawn from the relations of 
chromatographic parameters such as retention time, temperature, eluent composition and 
peak height. Graphical plots can then be derived based on the above mentioned 
parameters to predict further patterns and information for future analytes of the same 
compound classes, as a means of method development. 
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Chapter 5 Electrophoretic trapping  
This chapter will describe and demonstrate the use and results of a novel electrophoretic 
trapping technique which incorporates both HPLC and CE. The results for the 
electrophoretic trapping method show that it is a viable method of concentrating eluting 
compounds to gain sensitivity. 
 
5.1. Electrophoretic trapping in micro flow systems 
The system developed for trapping in an electrophoretic system was found to be a viable 
method for increasing peak capacity and peak intensity in a liquid chromatographic 
system under an electrophoretic environment incorporating a potential field and electrode 
as the trapping device. A couple of different electrode configurations were used to 
different success rates which are discussed in this chapter. A simple validation 
configuration was first used as a test for the concepts of the experiment. This was then 
carried over to a more robust, discrete injection system. 
 
Ideal electrophoretic trapping can be described by Figure 5-1 where the band is 
concentrated and intensity is increased. In CE, the electric double layer is formed at the 
walls of the capillary.  
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It was observed that the main factors that determine and contribute to the trapping effect 
of solutes are the velocity arising from the electrophoretic mobility of the analytes and 
the bulk velocity of the eluent from the pump.  
µ ep µ eof
0
100 10000
0
 
Figure 5-1 Electropherogram showing optimal trapping method 
 
Given that electroosmotic flow (eof) may be low or negligible, the important 
consideration is that the velocity of the analytes arising from the electrophoretic mobility 
needs to be greater than, and in opposite direction to, that of the velocity of the bulk 
eluent for trapping to occur. As solute is attracted to the electrode, it may be 
proportionally split into two regions: a retained and unretained portion depending on the 
magnitude of voltage applied. The unretained portion most probably arises due to the part 
of the solute that is situated in the centre of the fused silica capillary flow system where 
laminar flow velocity is greatest. The effect of part of the solute not being retained at the 
electrode due to the applied voltage being insufficient for trapping to occur will be 
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referred to as ‘breakthrough’ in this chapter. At the edges of the capillary, the magnitude 
of the applied voltage would be greater than the voltage that is present in the centre of the 
capillary due to the axial distance. The regions in the centre of the channel might escape 
the focusing effect due to the flow velocity being greater and therefore the solute would 
travel relatively less hindered through the channel. The question that arises is how 
effective the eof is to counterbalance the laminar flow, especially that at the centre of the 
flow channel. 
 
The flow velocities were calculated using the total volume of the trapping section of the 
transfer line and the electrophoretic mobility (µep) of the solutes used. Their linear 
velocity as they pass through the trapping section is calculated. For example, for 2,6-
dichlorophenol (DCP): 
As an example, for a 15 cm trapping length of 62.5 µm i.d. capillary, the total volume of 
the capillary needs to be calculated: 
 
Total volume = LLr µpipi 46.015003125.0 22 =××=  
Equation 5-1 Total volume of trapping capillary 
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At a flow rate of 6 µL/min, the flow will take 4.56 seconds to travel the length of the 
trapping section. Therefore, the linear velocity of the eluent with respect to the pump will 
be 0.3 cm sec-1. 
The linear velocity of the electrophoretic component of the system needs to be greater 
than and in the opposite direction to that of the eluent from the pump for trapping to 
occur. For 2,6-dichlorophenol: 
 
1124 sec104 −−−×= Vcmepη  
14 sec4.0
10
10000104 −− =××=×= cm
L
V
epην  
Equation 5-2 Linear velocity of 2,6-dichlorophenol 
If the electrophoretic mobility is greater than that of the bulk eluent flow, therefore 
trapping should occur. The electroosmotic flow that is generated when high potential is 
applied to a capillary that contains buffer solution also has an effect on the 
electrophoretic mobility of the desired analytes. Electroosmosis causes the bulk solution 
to flow with a flat profile compared to a parabolic one (Figure 5-2) that is seen in 
pressure-driven chromatography. An electric double layer is formed at the junction of the 
solution and the silica. This is caused by the inside wall of the silica capillary being 
negatively charged at pH conditions greater than 3 due to surface silanol groups being 
ionized. Cations from the buffer align next to the negative ions on the surface of the 
silica. The cations on the outer region of the electric double layer are attracted towards 
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the cathode, whereas the anions are attracted to the anode. The cations drag the bulk 
solution with them because they are solvated.  
 
 
I
II
 
 
Figure 5-2 Flow profiles in CE: I. – Laminar flow produced by pressure-driven flow, 
II. Flat flow profile caused by electroosmosis 
 
The electroosmotic flow can be calculated from the following equation: 
31038.1
000,106.3
105
−×=
×
×
==
tV
lL
eof  
Equation 5-3 Calculation of electroosmotic flow 
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The migration velocity of the electroosmotic flow is calculated by multiplying the 
electrophoretic mobility by the applied voltage over the length of capillary to which it is 
applied: 
 
133 sec38.1
10
000,101038.1 −−− =××== cm
L
V
eofeof ην  
Equation 5-4 Calculation of migration velocity 
 
( ) ( ) 134 sec78.1
10
000,101038.1104 −−− =×+×=+= cm
L
V
eofep ηην  
Equation 5-5 Calculation of migration velocity 
 
The first step in using this technique involved several concept validation experiments to 
explore the theoretical aspect of the concept of electrophoretic trapping. These were 
performed using the initial validation setup described in Section 2.1.4 with the continuous 
flow mechanism. Focusing of analytes was achieved by pumping a constant supply of 
buffer/sample matrix through the system via a syringe pump while voltages of different 
magnitudes were applied for different time intervals. Since no column was placed in line 
on the system, the syringe pump was adequate for the eluent supply due to negligible 
backpressure being created. 
It was found the spikes appeared in the baseline when the voltage was increased above 3 
kV (Figure 5-3). These are due to turbulence within the transfer tube due to the high 
potential field that is applied. They were found to be much more intense than the 
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legitimate peaks that are being studied. It can be seen that the time of their appearance in 
each electropherogram corresponds to the time of when the voltage was applied. In each 
case, the voltage was applied for a period of 2.5 mins and the spikes occurred during that 
period of the electropherogram, depending on the time the voltage was applied (see Table 
5-1). A restrictor was needed to be placed just prior to the waste exit to maintain adequate 
backpressure to avoid the formation of bubbles in the transfer tube which lead to the 
spikes in the baseline. 
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Figure 5-3 Problem of spikes in the baseline when inadequate backpressure is used  
 
 
Table 5-1 Relationship between application of voltage and the time the spikes 
appeared 
 
Electropherogram Time of applied Voltage 
(min:sec) 
Spike period 
(min:sec) 
A 4:00 9:20 – 11:50 
B 6:00 11:20- 13:50 
C 8:00 13:00 – 15:50 
 
C 
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The trapping process was demonstrated by having a constant flow of analyte in the buffer 
solution pass the electrode while sequentially applying a stepwise increase in voltage 
from the electrode (See Figure 5-4). It was observed that when no voltage was applied, a 
constant signal at the detector was obtained from the analyte in the buffer solution. On 
the application of a potential field, the decrease in response that was observed was 
directly proportion to the magnitude of potential that was applied and also the reduction 
in response corresponded with the time that the analyte was under the application of the 
electric field. 
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Figure 5-4 Reduction in response with stepwise voltage increase with benzoic acid 
(10 mg/L) in borate buffer (30 mM). Voltage increased by 1 kV min-1 over 4 minutes 
Chapter 5: Electrophoretic trapping 
 
 
 
155 
 
The voltage that can be applied to a section of capillary is proportional to the length of 
the capillary. For a 15 cm length of trapping section, which was used as a standard length, 
the voltage was limited to about 4 kV (approximately 266 V cm-1). Since the average 
potential applied to a conventional capillary electrophoresis experiment is 30 kV over a 
one-meter length of capillary, it is necessary to proportionally reduce the amount of 
potential applied to avoid system arcing. Arcing was observed with an initial cracking 
sound when voltage was applied. The PRINCE CE system that was used as the power 
source that provided voltage was commercially fitted with an automatic shutdown 
mechanism if too high a voltage was applied, depending on the magnitude of current. The 
drop in response from the UV detector (Figure 5-4) was found to be linear (R2 0.9999) 
with applied voltages, confirming that analyte is being attracted to the electrode. This was 
true until arcing was observed or if the power shut down when too high a magnitude of 
voltage was applied. 
 
Using the same procedure, the polarity of the voltage was toggled on and off for set time 
intervals which gave a decrease in response (Figure 5-4) from the baseline on either side 
of the concentrated band, between the two valleys. The concentrated band represents the 
part of the analyte which has been removed from the buffer and attracted to the electrode, 
which appears as a chromatographic peak. This is due to a decrease of analyte 
concentration in the buffer solution on either side of the focused area accumulated at the 
electrode. Ideally, the areas of the valleys observed should both add up to the total area of 
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the concentrated band. It was found that the concentrated band didn’t quite equal the sum 
of the areas of the two valleys. However, this does not mean that efficient trapping was 
observed. It was more likely that the configuration of the electrode did not allow of the 
trapped analyte to be expelled back into the mobile phase. Analyte might have been 
accumulated in areas around the electrode. When the polarity is reversed, the 
accumulated analyte at the electrode is expelled back into the flow stream as a more 
narrow and concentrated band that is indicated by the increase in peak height and 
intensity. The resulting peak does not show any significant broadening as it travels 
through the capillary to the detector. 
 
With a column placed in-line in the system, an organic modifier such as acetonitrile or 
methanol had to be added to the eluent to aid retention. It was found that adding up to 
20% acetonitrile or methanol did not have any effect on both peak shape and trapping 
capabilities of the electrode. However, provided that the eof is capable of exceeding the 
flow velocity, some trapping will be observed. Using polarity switching, when voltage 
was applied for different lengths of time, the extent of focusing and change in response 
was proportional to the time the analyte and buffer were exposed to an electric field. It 
can be seen in Figure 5-5 that applying voltage for 30 seconds, 60 seconds and 90 
seconds lead to both an increase in zone trapping for those time intervals. It can also be 
seen that the longer the voltage cycle is performed, the greater the intensity of the trapped 
portion of the buffer and eluent stream. 
Chapter 5: Electrophoretic trapping 
 
 
 
157 
6 8 10 12 14
0
R
es
po
n
se
Time (min)
30sec
60sec
90sec
R
es
po
n
se
R
es
po
n
se
R
es
po
n
se
 
Figure 5-5 Evidence of trapping for different time intervals using gravity injections 
 
• Conditions: Sample, benzoic acid; ± 2kV applied for 30 s (1), 60 s (2) and 90 s (3) 
from commencement of analysis; Flow rate 1 µL/min, using a 30mM borate buffer. 
 
Trapping at the electrode was attempted in both stopped flow and continuous flow 
systems using benzoic acid as the test solute. In the stopped flow system, the flow was 
interrupted during the voltage cycle to allow maximum amount of analyte to accumulate 
at the electrode, whereas the initial constant flow rate was maintained throughout in the 
continuous flow system. An increase in response and a narrower peak was obtained from 
the stopped flow system (Figure 5-6). This is due to the fact that there was no laminar 
flow to perturb the focusing effect in the stopped-flow system and that trapping in the 
system is based purely to the effectiveness of analyte being attracted to the electrode.  
In the continuous flow system (Figure 5-7), the concentrated band was found to be 
slightly broader and the sensitivity was slightly reduced due to the hydrodynamic 
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pressure flow from the pump causing a slightly more parabolic flow profile compared to 
the flat flow profile obtained in the stopped-flow system. 
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Figure 5-6 Stopped flow electrophoretic trapping  
(Conditions: Sample, benzoic acid; ±2 kV for 30 s with flow stopped during voltage 
cycle) 
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Figure 5-7 Continuous flow electrophoretic trapping  
(Conditions: Sample, benzoic acid; ±2 kV for 30 s during voltage cycle) 
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However, the S/N ratio was slightly lower compared to an aqueous buffer solution 
containing no organic modifier (Figure 5-8) 
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Figure 5-8 Comparison between aqueous and organic electrophoretic trapping  
(Conditions: Sample, benzoic acid; aqueous system is the on left and the organic 
system is on the right. ±2 kV for 30 s; Flow rate = 1 µL/min) 
 
In the more robust system using the Waters CapLC system, which incorporates precise 
sample injection capabilities, 1 nL sample injections of saccharin, benzoic acid and 
quinine sulfate (10 mg/L) were made and buffer solutions (sodium borate and sodium 
acetate (40 mM and 70 mM) were used as the eluent. 
Different configurations of the electrode setup were attempted with varied success rates. 
Figures 2-10, 2-11 and 2-12 show schematic diagrams of the different electrode 
configurations used. A three-way t-piece (Upchurch Scientific) (Figure 2.11) was initially 
used where the two capillaries were butted together as close together as possible, taking 
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into consideration the internal geometry of the t-piece, with the electrode placed 
perpendicular to the two fused silica capillaries from one channel. Although focusing was 
achieved, a significant amount of dead volume (experimentally calculated to be 3 µL) 
was introduced in the t-piece, which proved to be a problem by giving very broad peaks 
and asymmetrical peak shapes. In this experiment part of the coating was etched away, 
providing a pseudo-membrane. When the auto injector was used to inject the analyte into 
a stream of buffer, applying an increase in voltage trapped analytes at the electrode. The 
extent of focusing achieved was measured by observing the peak profile. When focusing 
was observed, a peak was split into a retained section, which was held at the electrode 
and an unretained portion where the voltage was insufficient for any trapping to occur 
(Figures 5-5 to 5-8). 
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Figure 5-9 Peak height of concentrated peak versus magnitude of voltage (Benzoic 
Acid) 
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Figure 5-10 Peak height of concentrated peak versus magnitude of voltage 
(Saccharin) 
 
Figures 5-9 and 5-10 demonstrate the linear increase of the peak as the magnitude of the 
applied voltage for both Benzoic Acid and Saccharin. 
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5.2. Vector descriptions of magnitude of trapping 
The trapping capabilities can be described in terms of vectors (Figures 5-12, 5-13 and 5-
14). If vector a (horizontal arrow) represents the velocity of the eluent and vector b 
(vertical arrow) is the velocity arising from electrophoretic mobility, b needs to be greater 
than a for sufficient trapping to occur. This is true for the region of capillary closer to the 
wall where there is a greater potential field effect, however in the centre of the channel, a 
can be greater than b, leading to breakthrough and the unretained portion which appears 
in the result. This will depend on the inner diameter of the column which in turn 
influences the magnitude of a and b terms of the vector placements. 
 
In the areas closer to the walls of the capillary, most of the analyte is focused at the 
electrode. The extent of the magnitude of the vectors is directly proportional to the 
potential that is applied, the inner diameter of the column and different extents of 
breakthrough and trapping that are observed under different conditions. This is also true 
for different areas inside the capillary and the inner diameter of the column or transfer 
line. The inner diameter of the capillary is also proportional to the magnitude of voltage 
that needs to be applied for trapping to occur. Another contributing factor to the extent of 
trapping is the time interval that the voltage is cycled. The longer the application of 
voltage is carried out, the greater intensity of the focused peak. It was found that the 
release of the concentrated band back into the mobile phase did not require as long a 
voltage cycle as the accumulating stage since the concentrated band does not occupy an 
area as significant as the injected band in the mobile phase.  
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In ideal conditions, the sum of the area of the focused band and the area of the unretained 
portion of the peak should equal the area of an injected peak which has no voltage 
applied to it. In the three-way t-piece electrode configuration (Figure 2-11), the areas of 
the two portions of the peak did not equal the sum of the area of the injection without any 
voltage applied. In this configuration some of the concentrated sample appears to be held 
up in physical areas of the electrode and not fully released back into the flow stream. This 
problem was overcome by using the metal union (Figure 2-12) as the trapping device 
with conducting wire wrapped around the centre of the union. Less dead space was 
observed in this configuration and the full amount of trapped sample is released back into 
the flow stream. 
 
Table 5-2 Comparison of retained and unretained areas and total area 
Voltage 
(kV) 
Retained 
Peak Area 
Unretained 
Peak Area 
Total Area 
0 1899 0 1899 
1 1426 483 1909 
2 888 1011 1899 
3 421 1491 1912 
 Range: 1905 ± 5  
 
Positive voltage applied for 8 minutes from time of injection and negative voltage applied 
for 2 minutes for benzoic acid injection. Areas are in arbitrary units. 
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Eluent Flow Direction
 
Figure 5-11 Vector diagram of flow profile (no voltage applied) 
Electrophoretic Mobility Flow DirectionEluent Flow Direction
+
+
a = eluent velocity (horizontal)
b = electrophoretic mobility velocity (vertical)  
 
Figure 5-12 Vector diagram of flow profile (insufficient voltage) 
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Eluent Flow Direction
+
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Electrophoretic Mobility Flow Direction
a = eluent velocity (horizontal)
b = electrophoretic mobility velocity (vertical)  
 
Figure 5-13 Vector diagram of flow profile (effective trapping) 
 
Figures 5-11, 5-12 and 5-13 describe the vector situation within the capillary on the 
application of voltage. In Figure 5-11, no voltage is applied to the system and the flow 
profile of the injected peak follows the standard longitudinal parabolic peak profile of a 
HPLC analysis. When an insufficient magnitude of voltage is applied (Figure 5-12) a 
small amount of electrophoretic trapping is observed as the flow of the electrophoretic 
mobility pushes against that of the forward flow of the eluent, lessening the parabolic 
flow profile seen in Figure 5-12, as shown by the arrows in the vector diagram which 
display the magnitude and direction of the flow direction. When the flow velocity due to 
the applied voltage exceeds that of the HPLC (Figure 5-13), the flow due to 
electrophoretic mobility will cause the peak to be concentrated into a narrow band at the 
electrode by overcoming the velocity of the eluent. The magnitude of the arrows in the 
vector diagrams show the speed and direction of the eluent in different regions of the 
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column. The smaller the length of the arrows in the diagram, the slower the velocity of 
the solute will be in that region of the column. 
 
Discrete injections of both benzoic acid and saccharin were performed and 
electrophoretic trapping was attempted using the robust system. The extent of focusing 
was greater when the voltage was raised. 
 
In Figure 5-15, no voltage is applied throughout the analysis of benzoic acid. In Figure 5-
16, the small peak that appears beside the major one represents the portion of benzoic 
acid that is retained at the electrode at 1kV. In Figures 5-17 and 5-18, the ratio of the 
peak heights of the retained and unretained portions of benzoic acid increased and 
decreased, respectively, as the applied voltage was further increased. In Figure 5-18, most 
of the benzoic acid is retained at the electrode while voltage is applied. In each case, the 
magnitude of voltage permitted the electrophoretic velocity of the analytes to uniformly 
overcome bulk carrier stream velocity to a greater extent on each voltage cycle. The area 
of each component of the peak was found to be equal to the total peak area obtained when 
no voltage was applied (Table 5-1). 
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A similar phenomenon was observed with discrete injections of saccharin. Saccharin had 
a greater trapping capability then benzoic acid, where it had greater peak height than 
benzoic acid. At a voltage of 4kV, the entire portion of the injected sample plug was 
retained at the electrode as observed in Figure 5-23. The response for saccharin was 
overall lower than that of benzoic acid, which most likely is the reason for the complete 
sample plug being retained at the electrode. 
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Figure 5-11 Discrete Injection system of Benzoic acid under voltage (Conditions: 0 
kV; Flow rate: 1.5 µL/min) 
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Figure 5-12 Discrete Injection system of Benzoic acid under voltage (Conditions: 1 
kV; Flow rate: 1.5 µL/min) 
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Figure 5-13 Discrete Injection system of Benzoic acid under voltage (Conditions: 2 
kV; Flow rate: 1.5 µL/min) 
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Figure 5-14 Discrete Injection system of Benzoic acid under voltage (Conditions: 3 
kV; Flow rate: 1.5 µL/min) 
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Figure 5-15 Discrete Injection system of Saccharin under voltage (Conditions: 0 kV; 
Flow rate: 1.5 µL/min) 
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Figure 5-16 Discrete Injection system of Saccharin under voltage (Conditions: 1 kV; 
Flow rate: 1.5 µL/min) 
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Figure 5-17 Discrete Injection system of Saccharin under voltage (Conditions: 2 kV; 
Flow rate: 1.5 µL/min) 
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Figure 5-18 Discrete Injection system of Saccharin under voltage (Conditions: 3 kV; 
Flow rate: 1.5 µL/min) 
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Figure 5-19 Discrete Injection system of Saccharin under voltage (Conditions: 4 kV; 
Flow rate: 1.5 µL/min) 
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5.3. Summary 
The methods of electrophoretic trapping described above were a novel way of gaining 
sensitivity in HPLC by incorporating a small CE mechanism in the flow path. Provided 
that the velocity arising from the electrophoretic mobility of the analysis is greater than 
that of the eluent from the pump, analytes can be concentrated into narrow band at an 
electrode under the application of voltage. The flow of the electrophoretic mobility of the 
analytes also needs to be in the opposite direction to that of the eluent for trapping to 
occur. Backpressure needs to be applied to the system to avoid the formation of bubbles 
in the flow stream due to turbulence under the application of voltage. 
 
The required voltage and length of trapping capillary needed for adequate electrophoretic 
trapping to occur can be mathematically calculated by using the electrophoretic mobilities 
of the analytes, velocity of the electroosmotic flow and the total volume of the capillary. 
 
When using a flow of the analyte dissolved in buffer under a gravity injection procedure, 
the application of voltage at the electrode will cause a concentrated peak to form, with 
two valleys on either side. The peak and valley represents the portion of analyte that has 
been concentrated at the electrode and the depleted analyte concentration in the buffer, 
respectively. If ideal trapping occurs, the total area of the peak should be equal to that of 
the valleys. Trapping can be described using vector diagrams showing schematically the 
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influence of voltage and flow across the capillary, due to the magnitude of voltage being 
different at different positions within the capillary. 
 
Electrophoretic trapping was discovered to be a novel method of increasing peak capacity 
and sensitivity in HPLC using electrophoretic techniques. Further work in this concept 
could be to incorporate the electrode in a two-dimensional system where trapped peaks 
could be diverted to a second column for further separation if required.  
 
Current trapping techniques are used in both GC and LC. In GC, a thermal modulator, 
using carbon dioxide is used to trap peaks to increase their sensitivity. The modulator can 
be used to trap peaks at different time intervals, normally for a period of a few seconds. 
As the sample exits the first column, carbon dioxide is applied, which stops the flow and 
the resulting peaks are concentrated. As the modulator (trap) moves up and down, the 
sample is released into the second column as a series for further separation in the second 
dimension.  
 
In LC, a valve is used in between both columns to direct the eluent into the second 
column. The valve can vary in the number of ports it contains, ranging from 4 to 12 ports, 
depending on the manifold required for the separation method desired. A sample loop is 
placed within the valve, where portions of the eluent are directed into the second column 
through the aid of a second LC pump. Different configurations may be used where 
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columns of different retention capabilities and different stationary phases are used to 
provide an orthogonal separation. Also, eluents of different strengths can be used to act as 
a trapping technique. 
 
Using the electrophoretic technique, the manifold could be used in a similar fashion to 
the modulation trap in GCxGC. Instead of using carbon dioxide as the main technique for 
trapping, voltage can potentially be used in its place as a focusing method in a 
multidimensional HPLC manifold. A rotating 6-port valve could be placed between the 
first and second columns, which could incorporate an area where voltage is applied for 
trapping capabilities. Two separate pumps can then be used to direct the eluent into either 
the trapping region or further separation into the second column. 
 
Figure 5-20 describes a proposed multidimensional HPLC system incorporating 
electrophoretic trapping. A 6-port valve is placed in line between the first and second 
column, which is connected to a power supply and ground supply. The arrows show the 
direction of the flow, depending on what position the valve is in. In the first 
configuration, the voltage is switched on at desired intervals. This causes the analytes to 
be trapped as they enter the high voltage area of the valve. As the voltage is periodically 
switched to its other position, the voltage is switched off and the second pump directs the 
concentrated analyte into the second column. The process can then be repeated until all 
analytes have been separated. 
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Figure 5-20 Schematic diagram of proposed multidimensional HPLC system 
incorporating electrophoretic trapping 
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Chapter 6 Conclusions and Further work 
 
6.1. Conclusions 
 
The use of elevated temperatures and a novel method of electrophoretic trapping were 
investigated in these studies. With the use of a Waters CapLC micro HPLC system, 
incorporating narrow bore columns and transfer tubing, and small injection volumes, 
temperature was found to be a changeable parameter for analyses which was largely 
ignored as a tuneable parameter in HPLC. The use of temperature programming, which 
was traditionally used only in GC, was used in HPLC, taking advantage of the narrow 
diameters. Micro HPLC was also directly coupled to electrospray MS due to the 
compatibility of the low flow rates and transfer tubing as a subsequent detection step and 
some studies.  
 
6.1.1. Elevated Temperature studies 
 
Elevated temperatures and temperature programming were applied to the analysis of 
phenols, corticosteroids, tea and coffee. These compound classes all exhibited inadequate 
retention behaviour when analysed under standard chromatographic conditions. The 
Chapter 6: Conclusions and Further work 
 
 181 
optimum temperature program for the analysis was devised over a series of steps. The 
standard chromatogram was inspected for the retention behaviour of the solutes. 
Subsequently, the analysis was carried out at elevated isothermal temperatures to observe 
the reduction in analysis time and whether resolution was sacrificed and to what extent. 
From the information obtained in those steps, a suitable temperature program was derived 
where resolution and the total analysis time frame were adequate.  
 
These compound classes were chosen for analysis due to their different retention 
behaviour as temperature is used as a manipulative parameter in micro HPLC. The 
phenol mixture exhibited closely eluting components earlier in the analysis and 
components that elute further apart later in the analysis. Therefore, these proved to be a 
good example to demonstrate the use of temperature programming in micro HPLC 
instead of gradient elution. Corticosteroids showed irregular retention behaviour with 
respect to each other over different thermal gradients and also exhibited co-elution under 
ambient conditions. Elevated temperatures and temperature programming were used to 
reduce the analysis time and improve resolution between pairs of co-eluting components. 
The irregular retention behaviour of dexamethasone was used to the advantage of 
reducing the analysis time due to the wider variation in retention time changes over 
thermal gradients. Tea and coffee are both very complex samples that contain many 
classes of compounds, including some that are present at very low concentrations. By 
using temperature programming to obtain more rapid analysis time, these low level 
components showed improved sensitivity and some which were obscured in the baseline 
Chapter 6: Conclusions and Further work 
 
 182 
appeared with higher S/N ratio. In the case of the corticosteroids, tea and coffee, the 
samples were easily ionizable in electrospray mass spectrometry, adding an advantage of 
using a second detection mechanism to UV. Some of the corticosteroids had identical 
masses; therefore the need to run individual samples to obtain information of the order of 
elution was required. 
 
The traditional problems of operating a HPLC system at elevated temperatures were not 
encountered in these studies. Factors including thermal mismatch broadening due to an 
axial temperature gradient across the column were unseen due to the narrow diameter 
column and transfer lines. Therefore, band broadening and split peaks were avoided. Pre-
heating of the mobile phase was also found to be unnecessary, however a short length of 
fused silica transfer tubing was exposed in the oven prior to the column inlet to allow for 
thermal equilibration between the oven temperature and the temperature within the 
transfer tubing.  
 
Theoretical aspects of the influence of temperature in HPLC such as Van’t Hoff plots 
were used to obtain thermodynamic information about the elution of the solutes and their 
retention behaviour. It was found using a larger thermal gradient for different 
corticosteroids analyses gave a non-linear van’t Hoff plot, signifying an inconsistent 
enthalpy change with temperature or a change in the phase ratio. 
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Depending on the compound, selectivity can be altered at different temperatures. This 
was more-so observed for corticosteroids, where carrying out the analysis was beneficial 
to the separation in terms of resolution and co-elution. All seven compounds were 
resolved at a temperature of 70 °C whereas co-elution was observed between 
hydrocortisone/cortisone and Reichstein’s substance/corticosterone at 30 °C. 
 
 
6.1.2. Electrophoretic Trapping studies 
 
Electrophoretic trapping and focusing has been performed through a number of 
traditional methods in CE, with stacking and sweeping being the most widely used. Other 
lesser used methods include isotachophoresis and isoelectric focusing. In these studies, 
polarity switching was used to trap compounds into a narrow band at the electrode. 
Provided the velocity of the electrophoretic mobility is greater than and in an opposite 
direction to that of the eluent flow, analytes are concentrated into a narrow band at the 
electrode. Reversing the polarity of the applied voltage will then release the analyte back 
into the flow stream as a narrow band.  
 
Different trapping devices were used in the study, giving varying degrees of success in 
electrophoretic trapping. Initially, a three-way t-piece was used, followed by a more 
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robust metal union with the electrode wire coiled around it. Although trapping was 
observed, the t-piece method was problematic due to a significant amount of dead volume 
being introduced at the electrode (3 µL) and gave broad peaks. The metal union method 
exhibited no significant dead volume and better trapping capabilities, along with 
narrower peaks.  
 
Provided that the speed of the analytes due to their electrophoretic mobility is greater, and 
in an opposite direction to that of the eluent flow, electrophoretic trapping will occur. The 
velocities were calculated using standard equations in CE. The application of back-
pressure was required in order to prevent the formation of air bubbles in the eluent due to 
the application of voltage and it was found that at least 800 psi was sufficient. 
 
Overall, the importance of temperature as tuneable parameter for HPLC separations 
proved to add another advantage to the ever increasing, widespread use of HPLC. 
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6.2. Further work 
Chromatographic separations and especially HPLC has been gaining interest and use in 
laboratories since its initial development. Narrow bore columns have been developed, and 
more recently the use of elevated pressure to provide faster and more efficient analyses 
has been explored. Commercial instruments and consumables incorporating these 
advances have been developed (for example, the Waters UPLC™ system). Since micro 
HPLC is now widely used, nano dimensions have recently been developed. This leads to 
a greater use of temperature as a programmable parameter with thermally stable 
stationary phases (for example, polybutadiene zirconia phases) and narrow inner 
diameters of columns and transfer lines. Various compounds have different levels of 
thermal stability and therefore elevated temperatures and temperature programming can 
now be used as new dimension to methods of their analysis. 
 
Elevated temperatures can also be used to develop a trapping technique in HPLC. 
Concentrating and focusing has been performed using two-dimensional HPLC, 
incorporating two columns of different stationary phase and two different eluents by 
means of back-flushing. Two dimensions can be used in HPLC at an elevated 
temperature above ambient with a cold region in between. The retention of the 
compounds will halt in the cold region, (for example a pre-column) where they can be 
focused and then transferred to a second dimension of a different separation mechanism. 
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Cold trapping was attempted using carbon dioxide, however proved to be problematic 
due the freezing of the mobile phase (as indicated by a rise in column backpressure).  
 
The use of electrophoretic trapping, which can be performed under a range of methods as 
stated in Chapter 5 opens an opportunity to develop further and more efficient methods of 
trapping. The need of higher flow rates is required using the method developed in this 
study, which can only achieved by using higher pressures and higher voltage. Voltage 
was limited in this study due to the problem of arcing when the potential was a raised 
above 4 kV. The upper limit of voltage that can be used will depend on the length of the 
trapping region.  
 
The electrophoretic trapping developed can be used in conjunction with HPLC in a two 
dimensional HPLC system as a new method of two-dimensional HPLC. Compounds can 
be trapped in the electrophoretic region and then transferred to the second column for 
further separation if needed.  
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